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ABSTRACT
Evidence of deep geographic structure in many taxonomic lineages throughout the 
arid regions of western North America suggests potential for recovering episodes of 
vicariant isolation and divergence through comparative biogeographic approaches. 
Vicariance biogeography predicts that suites of co-occurring taxa should demonstrate 
similar geographic pattems of generic divergence resulting from simultaneous isolation of 
formerly contiguous regional populations. Previous molecular phylogeographic work on 
small, non-volant desert taxa tended to focus on one or two species, often with limited 
distributions. Different methods o f sampling and analyses confound general statements 
about the presence of regional endemic biotas. Assessment of general biogeographic 
pattems in biotas therefore requires sampling co-occurring species across the same genetic 
markers.
This dissertation addresses the historical biogeography and molecular population 
structure of four widespread desert lizards (Crotaphytidae: Crotaphytus bicinctores, C. 
collaris, Gambelia wislizeni and Phrynosomatidae: Sceloporus magister). Each species 
manifests evidence of a complex hierarchical phylogeographic structure of recent 
distributional fluctuations nested within deep phylogeographic disjunctions correlated with 
physiographic features postulated to have generated vicariant events. Comparison of 
interspecific pattems of isolation and divergence across taxa suggests four regions of 
endemism: EASTERN (roughly congruent with the Chihuahuan desert and parts of the 
Great Plains), CENTRAL (primarily the Sonoran Desert, but also containing parts of the 
eastem Colorado Plateau), WESTERN (Mojave and Great Basin deserts, and also 
including the Owens Valley and parts of the western Colorado Plateau) and PENINSULAR
111
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(Peninsular Desert of Baja, California) that are consistent with models of late Pliocene/early 
Pleistocene vicariant isolation of arid dwelling species.
For Crotaphytus collaris, limited genetic divergence and diversity in the northem 
parts of its range contrasts with high diversity in the southern parts of the range, suggesting 
recent Pleistocene colonization of the Great Plains and Colorado Plateau. Large 
divergences across the EASTERN and CENTRAL regions, however, suggest that 
northward colonization consisted of two independent events from spatially isolated regional 
populations. Gambelia wislizeni also exhibits a pattern of recent northward expansion, 
with the eastem and westem Great Basin apparently reflecting independent colonization 
events from a common source population within the Mojave desert. This pattern of recent 
northward expansion within the WESTERN region is also suggested by C. bicinctores and 
Sceloporus magister. These pattems are consistent with previous models of Pleistocene 
habitat fluctuations along with other published simulations of effective female population 
size and gene flow during the Pleistocene.
While the observed levels of divergence among all four species were consistent 
with a late Pliocene/early Pleistocene vicariant scenario, the model of regional endemism 
presented herein is independent of temporal considerations. Standardized datasets obtained 
from co-occurring taxa collected from the same localities and sampled across the same gene 
regions generated testable hypotheses about the generalities of biogeographic responses of 
desert reptiles of westem North America to the geological and climatic events of the last ten 
million years.
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Chapters 2, 3, and 4 will be submitted for publication in 
Evolution and are therefore presented in the style of that 
journal. Chapters 1 and 5, while not intended for 
publication, are presented in Evolution style in order to 
maintain stylistic consistency throughout the dissertation.
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CHAPTER 1 
INTRODUCTION TO THE DISSERTATION
This dissertation investigates the intraspecific phylogeny and biogeography of four 
species of arid-adapted lizards that occur throughout the westem United States. In this 
introduction, I first delineate the general background and assumptions of historical 
biogeography and review the geology and history of westem North America as a putative 
causal explanation of regional endemism. A brief review of the utility of mitochondrial 
DNA and intraspecific phylogeography in reconstructing the biogeography of an arid- 
adapted herpetofauna in North America follows. I then analyze distributional data with 
parsimony analysis of endemicity (PAE) to assess previous hypotheses about pattems of 
regional endemism in the herpetofauna of westem North America. Finally, this 
introduction summarizes several models of molecular population structure. Three chapters 
follow, each using a different monophyletic assemblage of arid-dwelling lizards to assess 
the models o f molecular population structure. To conclude the dissertation, I develop an 
area cladogram based upon concordant pattems of biogeographic stmcturing among the 
four target taxa.
Historical biogeography attempts to explain the sequence of origin and extinction of 
taxa (Brown and Gibson 1983). Traditionally, historical biogeographic distributions have 
been explained by one of two pattems; dispersal or vicariance. Dispersal theories center 
around the observation that most organisms are capable of moving or being transported to 
new localities and away from their cohorts. Under a vicariance paradigm, co-distributed
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2taxa are considered to have been isolated by geological or ecological events that produce 
dispersal barriers. With the acceptance o f plate tectonics and a better understanding of earth 
history, vicariance biogeography has recently become the general paradigm for historical 
biogeography (Platnick and Nelson 1978; Rosen 1988). While dispersal affects individual 
lineages, vicariance is a general process that isolates multiple taxa at the time of 
separation/isolation (Platnick and Nelson 1978; Wiley 1988). Recent work, however, 
suggests that the dichotomy is artificial and that many organismal lineages undergo multiple 
episodes of population dispersal and vicariant separation (Riddle 1995; 1996).
Like organismal lineages, ecological communities can also persist through various 
lengths of time, and therefore possess both a temporal and spatial hierarchical structure 
(Allen 1987; DiMichele 1994; O'Neill etal. 1986; Ricklefs 1989; Ricklefs and Schluter
1994). While not identical to contemporary communities, paleocommunities have been 
shown to have a hierarchical organization analogous to present day ecological assemblages 
(DiMichele 1994). DiMichele argues that these spatial units have observable long-term 
structural integrity. It is this persistence through time that permits the dynamic study of 
units such as populations and species that are largely spatially defined. As such, historical 
population stmcture that results from vicariant separation may also reflect multiple episodes 
of isolation and colonization (Cracraft 1988; Riddle 1996).
Despite the views expressed above, there remains some skepticism that continental 
biotas reflect a strong signal of diversification resulting from vicariant isolation and 
subsequent divergence (Brown 1995), because individualistic models of taxonomic 
response to late Pleistocene events suggest a loss of community stmcture during glacial 
advance and retreat (Graham 1986). According to this view, the processes o f dispersal and 
extinction erode over time deeper biogeographic pattems to the extent that any original 
associations between historical events and lineage diversification no longer exist.
There are many abiotic and biotic processes that could influence species 
distributions and thereby generate biogeographic pattems. For the former, there is a
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collective group known as TECO (Tectonic , Eustasis, Climatic, and Oceanographic) 
events, a collective term for abiotic processes of earth history that can alter landscapes or 
ecological conditions that affect species distributions and persistence (Rosen 1988). The 
breakdown of minerals into different types of soil is another abiotic process that could alter 
organismal habitat. In general, TECO events take place over long periods of geologic time. 
Biotic processes are tangential to the ecological and population considerations listed above. 
Dispersal is essentially a biotic process, since organismal life-history characteristics govern 
mobility and transport (Brown and Gibson 1983). At the same time, physiological 
plasticity and tolerance of climatic and ecological perturbations influence taxonomic 
persistence through climatic change (Dunham 1993).
Several trends of late Cenozoic geology and climate of the southwestern United 
States could have affected organismal distributions. The Cenozoic period extends from the 
Paleocene through the last 65 million years of earth history. The first major trend is the 
relative diminishing of forests at the expense of open woodlands, grasslands, and deserts, 
particularly since the mid-late Miocene (c. 10 my a). With the exception of a warm peak 
during the early Miocene (c. 15-20 mya), the late Cenozoic has generally been cooler and 
drier than previous geological periods (Behrensmeyer etal. 1992). Since 2.4 mya, major 
temperature cycles and corresponding glacial/interglacial intervals greatly affected the 
earth’s climate. In all probability, these cycles have been controlled by Milankovitch 
cycles. Milankovitch cycles are the product of variation in the eccentricity of the earth’s 
orbit (105,000 year cycle), precession (21,000 year cycle), and the tilt of the earth’s axis 
(41,000 year cycle) (Bennett 1990; Pielou 1991).
In westem North America, the time-frame extending from the Miocene was a period 
of geological and climatic change (Figure 1). Tectonic uplifting and orogenesis was 
particularly noticeable in the Sierra Nevadas and the Basin and Range province of westem 
North America (Appendix A). Likewise, the grassland and desert regions present today 
were formed during late Miocene-early Pliocene (c. 5-7 mya) (Behrensmeyer, et al. 1992).
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4For several reasons, arid regions (receiving < 10 inches of precipitation/year) are generally 
found in the middle latitudes. Mountain ranges in these regions form ‘rain shadows’ that 
prevent moisture picked up from ocean or aquatic regions from moving inland over the 
peaks (George 1976). In westem North America, five deserts are traditionally recognized 
(Figure 2, MacMahon 1990). Two smaller desert regions are sometimes recognized (San 
Joaquin, Hidalgan) along with increasing evidence of a distinct peninsular desert in Baja, 
California (summarized in Hafner and Riddle, in press) In the ‘warm’ deserts o f the 
southwestem United States (e.g. Mojave and Sonoran), most precipitation occurs as 
seasonal monsoons originating in the Gulf of Califomia. The combination of unfavorable 
wind currents and the rain shadow effect of the Sierras ensures that the Mojave desert 
sometimes receives no moisture at all during a calendar year. In the northem ‘cold’ deserts 
of the Great Basin and the Colorado Plateau, moisture primarily originates as winter 
snowfall. The Colorado Plateau receives summer rainfall as well and therefore is 
considered a ‘semi-desert’ (George 1976; MacMahon 1990).
While xerification is linked to tectonic uplifting of the late Miocene, the formation of 
regional warm deserts was not complete until the late Pliocene. In particular, geology and 
paleoecology specify three distinct events. First, the encroachment of the Sea of Cortez 
isolated the Baja peninsula from the mainland (Grismer 1994; Hafner and Riddle 1997). 
Likewise, the northwest Sea of Cortez transgression (i.e. the Bouse embayment) may have 
led to the separation of the desert regions east and west of the present lower Colorado River 
(Atwater 1970; Lucchitta 1979; Smith 1970). Finally, the Sonoran desert became isolated 
from the Chihuahuan desert through the uplifting of the Sierra Madre Occidental range, 
resulting in the Cochise filter barrier (Morafka 1977).
The Pleistocene era (from 1.8 mya to recent) and its glacial cycles have received 
much attention from both paleoecologists and historical biogeographers (Haffer 1982; 
Hewitt 1993; Lynch 1982; Pielou 1991). There is a substantial body of research that has 
quantified paleontological distributions of both plants and animals during this period
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(Betancourt et al. 1990). Similarly, the climatic shifts during glacial/interglacial cycles are 
well documented (Delcourt and Delcourt 1991). At the same time, however, the impact of 
these climatic changes and distributional shifts on paleocommunity structure remains 
controversial. On the one hand, communities could be considered open structures that are 
unique assemblages and that contemporary communities do not reflect prior ecological 
processes (Graham 1986; Graham and Mead 1987). On the other hand, although species 
composition may differ between past and present communities, large-scale ecological 
constraints could force some sort of homologous community structure between past and 
present species assemblages (Vrba 1992). An important question is whether Pleistocene 
events were of sufficient magnitude to erode the structure of lineage diversification created 
by late Tertiary events.
A preliminary geological area cladogram for arid regions of western North America 
(Figure 1, Riddle pers. comm.) has been prepared using physiographic provinces (Riddle
1995). This has been modified in several ways to reflect generalized boundaries between 
taxa and biotas and postulated areas of endemism. One advantage of using this framework 
is that it provides a tractable template for incorporating geological and paleontological 
evidence into a temporally-bounded model of area formation throughout the Neogene. The 
general pattern of Neogene xerification and increasing provinciality of the North American 
arid regions (Figure 2) summarized in the geological area cladogram has been reviewed in 
Riddle (1995; 1996). Of particular interest is the relatively rapid and perhaps near- 
simultaneous set o f postulated vicariance events during the Pliocene/early Pleistocene 
(Figure 3). During this period, much of the elevational increase of the westem North 
America Cordillera occurred (Ruddiman et al. 1989), coinciding with continuing expansion 
of the Basin and Range province (e.g. Appendix A), and marine inundation of low- 
elevation areas north and west o f the current head of the Gulf of Califomia (Atwater 1970; 
Norris and Webb 1976). Geological and paleoecological evidence thus predict near- 
simultaneous divergences of intraspecific lineages within the southern Basin and Range
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provinces as opposed to generalized distributional fluctuations constrained by late 
Pleistocene glacial interglacial cycles (Figure 3).
The lizard species examined for this dissertation {Crotaphytus bicinctores, C. 
collaris, Gambelia wislizeni, and Sceloporus magister contribute to a growing body of 
work on biogeographic histories of arid-lands herpetofauna inferred from mitochondrial 
DNA (mtDNA) (Jones et al. unpubl. data; Lamb et al. 1989; Lamb et al. 1992). 
Phylogeography incorporates population genetics with molecular data to explain the 
geography of population histories (Avise 1994; Avise et al. 1987). Mitochondrial DNA is 
a small (16-20 kilobase), circular, covalently closed molecule. In diploid organisms, 
mtDNA is generally maternally inherited as a haploid genome, although present in the 
cytoplasm of both sexes (Brown 1983; Brown 1985). For phylogenetic analyses, this 
means that each mtDNA haplotype is a member of a maternal lineage. At the same time, 
mtDNA evolves faster than nuclear DNA; resulting in an effective female population size 
that is one-fourth that of nuclear DNA (Avise 1994; Moore 1995). Recent studies have 
confirmed the utility of mtDNA in biogeographic analyses (Avise 1989; Avise 1994; Avise, 
et al. 1987; Riddle 1995; Riddle et al. 1993). One advantage of using molecular-based 
assessments of phylogeographic structure is that the hierarchical pattern of molecular 
evolutionary processes may retain a hierarchical signal of sequential episodes of isolation, 
divergence, and/or range shifting (Riddle 1995; Riddle 1996; Templeton et al. 1995).
Each of the core studies that compose this dissertation followed a standard suite of 
protocols starting with specimen acquisition and extraction of genomic DNA (Dessauer et 
al. 1996; Hillis er a/. 1996a). Restriction site analyses utilize restriction endonucleases that 
cut DNA at a specific recognition sequence (typically 4-6 bases) within the mtDNA 
genome, creating different sized fragments that equal the length of the original gene section 
as amplified by the polymerase chain reaction (PCR) (Dowling et al. 1996). These 
restriction fragment length polymorphisms (RFLPs) are electrophoretically separated by 
size on an agarose gel. Phylogenetic analyses such as neighbor-joining (Saitou and Nei
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1987) and/or parsimony (Swofford 1991 ; Swofford et al. 1996) are used to determine 
geographical association of RFLP haplotype clusters. Inferring restriction sites and 
appropriate weighting of restriction site losses (higher probability) versus gains (reduced 
probability) give RFLP analyses a limited utility for phylogenetic analyses. As sequence 
divergences become larger (« 5%), the probability of convergence or non-ancestral 
dependent gains and losses of restriction sites increases and the assumption of homology 
becomes less tenable (Swofford, et al. 1996). Therefore, the research that follows utilizes 
RFLP data as a cost effective means of estimating overall geographic variation and 
investigating intra-regional molecular population structure within each data set (Dowling, et 
al. 1996; Hillis, et al. 1996b).
A variety of methods exist for obtaining phylogeographic data (e.g. Table 1 in 
Hillis et al. 1996b). Within the last decade, molecular systematists have shifted from 
predominantly utilizing allozyme or restriction site data to studies derived from direct 
nucleotide sequences (Sanderson et al. 1993) and this dissertation thus reflects a 
transitional period in molecular biogeography. Direct sequencing has become increasingly 
widespread in molecular biogeography. Indeed, a recent compendium of molecular 
techniques (Ferraris and Palumbi 1996) all but ignores RFLP data and instead focuses 
either on microsatellite or sequence data. Sequence data usually provides more characters 
(in the form of DNA bases) than restriction sites. DNA evolution is also well understood 
(Hillis, et al. 1996a) and several models exist (e.g. Goldman 1993a; Goldman 1993b) that 
lend themselves to phylogenetic analyses of DNA sequences. In particular, the method of 
Tamura and Nei (Tamura and Nei 1993) is robust to differential levels of divergence within 
datasets. Models of nucleotide substitution and alignment also permit more robust 
assumptions of homology within sequence datasets (Hillis, et al. 1996a; Swofford, et al.
1996) as opposed to RFLP data.
The historical biogeography of the herpetofauna of western North America is not 
well known. Most work has centered around Baja, California (Grismer 1994; Hafner and
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Riddle 1997; Murphy 1983). There has been one comprehensive study of the Chihuahuan 
desert (Morafka 1977) and a limited consideration of the Sonoran desert (Lowe 1964;
Lowe Jr. 1955). To date, however, there has not been a comprehensive analysis of the 
historical biogeography of arid-adapted herpetofauna of the western United States. Such 
analyses necessary, if only to eventually establish continuity between Baja and the other 
North American arid regions.
A first step in historical biogeographic analysis is diagnosis of putative areas of 
endemism (Morrone and Crisci 1995). Previous studies used a phenetic approach to 
provide evidence for differentiation between North American desert herpetological faunas 
(Hafner and Riddle 1997; Morafka 1977). In each study, regional deserts were 
characterized by the presence/absence of herpetological species. Phenetic analyses were 
then used to assess regional area-faunal associations. Phenetic approaches to identifying 
areas of endemism and area-relationships have been criticized (Morrone and Crisci 1995) 
and several recent studies have used a cladistic approach (Parsimony Analysis of 
Endemicity) to either postulate areas of endemism (Morrone 1994) or analyze area- 
relationships among previously established areas of endemism (Cracraft 1991).
Using published accounts o f herpetological ecological affinities and distributions, I 
prepared a matrix of United States deserts and their constituent reptilian herpetofaunas 
(Table 1, Hafner 1981; Stebbins 1985). Additionally, the dataset was polarized with an 
‘ancestral area’ that had all taxa coded as ‘absent’ (Cracraft 1991). Strict consensus of the 
two most parsimonious trees (tree length = 52 steps) along with mapping of endemic taxa 
demonstrated support for Baja, Mojave/Sonoran, and Chihuahuan as putative regions of 
endemism (Figure 4) where apomorphies represent unique or endemic taxa that help define 
spatial limits of areas of endemism (Morrone 1994). A number of species, however, are 
widespread across several regional deserts. Taxa could be widespread or present between 
at least two regions for one of several reasons, including 1) regions do not have separate 
histories for some widespread taxa; 2) an earlier historical separation was followed by
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subsequent dispersal masking earlier isolation; or 3) recognition of species based on 
morphological variation lacks sufficient resolution to identify evolutionarily distinct 
lineages in different geographic regions. At the same time, the autapomorphies for the 
Great Basin represent loss (extinction) of taxa, reflecting an emphasis on warm desert 
herpetofauna as opposed to xerophilic herpetofauna in general. Both phenetic and 
parsimony methods demonstrate evidence for three arid regions (Baja, Sonoran + Mojave, 
Chihuahuan) that each contain a distinct herpetofauna at the taxonomic species level, 
corroborating earlier hypotheses of regional endemic herpetofaunas for western North 
America.
To date, several studies of arid-dwelling fauna demonstrate patterns of vicariant 
isolation consistent with some of the previously mentioned Pliocene/early Pleistocene 
geological events. Desert rodents representing the families Muridae and Heteromyidae also 
demonstrate population structure reflecting a sequential history of multiple vicariant 
isolation events such as the Pliocene/early Pleistocene formation Bouse Embayment and/or 
Sierra Madre Occidental; even as one notes shallow divergences/recent isolation of 
intraspecific regional desert rodent populations (McKnight 1995; Riddle 1995). Molecular 
data from arid-adapted reptiles such as desert tortoises QCerobates agassizi) (Lamb, et al. 
1989) and desert homed lizards {Phrynosoma platyrhinos) Jones et al. (unpubl. data) also 
support a hypothesis of vicariant isolation by the Bouse Embayment. In contrast, two 
other lizard species (desert IgMBms-Dipsosaurus dorsalis and chuckwallas-5aMroma/M5 
obesus) demonstrate little divergence and no apparent phylogeographic structure (e.g. 
Lamb, et al. 1992). The lack of divergence is consistent with recent (e.g. late Pleistocene) 
colonization by a large effective female population (Hewitt 1996). It is thus possible to 
examine phylogeographic structure within each target taxon in the context of both existing 
models of earth history (Figures 1 and 3) and empirical datasets of arid-dwelling taxa.
Jones et al. (unpubl. data) used paleoclimatic data to correlate regional mtDNA 
divergence and diversity of P. platyrhinos with fluctuations in suitable habitat during the
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late Pleistocene. Each of the target taxa examined in this dissertation share ecological and 
distributional affinities with the previously mentioned desert reptiles. It is therefore 
appropriate to investigate whether these taxa exhibits phylogeographic (e.g. historical 
biogeography) structure similar to other western herpetofauna (Jones, et al. unpubl. data; 
Lamb, et al. 1989; Lamb, et al. 1992). By explicitly comparing the results of this study 
with previous work, I use each taxon to further assess previous hypotheses of vicariant 
patterns among western herpetofauna.
I evaluated the diversification of each target taxon under four alternative models of 
biogeographic history, including the null hypothesis of no geographic population structure. 
The existence of significant geographic population strucmre could be associated with three 
basic models of earth history: 1) DEEP: late Tertiary/early Quaternary population 
subdivision, 2) SHALLOW: late Quaternary gene flow among populations, and 3) 
NESTED: late Quaternary patterns embedded within deep history patterns (Table 2).
Along with greater divergence and diversity of alleles, a ‘deep history’ model predicts 
phylogenetic separation among regional populations in accordance with the history of area 
fragmentation developed from geological and paleoecological evidence (Figure 5a). A 
'shallow history’ scenario would predict little phylogenetic separation of regional 
populations. But to the extent that structure exists, it should reflect gradients in genetic 
diversity following routes of late Pleistocene range expansion/contraction with low 
diversity in areas of recent colonization (Figure 5b). Finally, a ‘nested’ population 
structure (Figure 5c) would predict deep historical events and divergence among regions 
that continues to constrain the geographic distribution of shallow nodes indicative of recent 
population expansion and/or fragmentation. Significant geographic population structure 
can thus be represented by one of three patterns: deep structure, shallow structure, or 
nested structure.
Even when physiographic barriers might prevent gene flow between lineages, one 
must consider possible mechanisms that could manifest a phylogenetic signal of deep
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history (Myers and Giller 1988; Templeton, et al. 1995). Geographically proximate 
haplotypes might have resulted from different lineages colonizing the same region (Figure 
6A). Since the alleles in each population do not derive from a shared common ancestor, the 
true signal is polyphyly. Inclusion of outgroups can help assess previous hypotheses of 
monophyly. A lineage may have expanded its distribution and maintained or increased its 
diversity through time, even as alleles within the population become divergent (Figure 6B). 
A subsequent biogeographic barrier combined with limited sampling would produce a false 
signal of large divergences across lineages. Increased sampling to identify shared 
haplotypes from both sides of the barrier would better resolve the correct historical 
relationships between these populations. As mentioned above, vicariance biogeography 
postulates that formerly contiguous populations become simultaneously isolated by a 
common historical event (Platnick and Nelson 1978; Wiley 1988).Whatever the proximate 
cause (e.g. mutation or sorting) of initial diversity, subsequent divergence of alleles 
between regional populations now derives from vicariant separation of formerly contiguous 
populations (Figure 6C). Related haplotypes from numerous individuals within a region 
that are divergent from, but reciprocally monophyletic with, adjacent clusters of regional 
haplotypes would corroborate a vicariance scenario (Neigel and Avise 1986). Finally, 
corroboration of biogeographic structure across suites of co-occurring taxa would 
strengthen the evidence for vicariant isolation between formerly contiguous populations 
(Platnick and Nelson 1978; Wiley 1988).
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Figure, Table, and Appendix Legends
Figure 1 Chronology of geological and abiotic events that have influenced the
formation of arid regions of western North America modified from Riddle (1995, pers. 
comm.) as summarized by area cladograms. a: Late Miocene b: Late Miocene/early 
Pliocene c: Pliocene/early Pleistocene d: detail of arid provinces from Figure Ic with 
putative vicariant isolating events of the Pliocene/early Pleistocene.
Figure 2 Arid regions of western North America: C: Chihuahuan GB: Great Basin
M: Mojave P: Baja Peninsular S: Sonoran. Modified from Brown and Lowe (1989), 
MacMahon ( 1990), and Riddle ( 1995).
Figure 3 Pictorial summary of putative Pliocene/early Pleistocene vicariant events
(gray box on the timeline at the bottom) outlined in Figures Ic and Id. BE: Bouse 
Embayment SG: San Gorgonio Constriction SM: Sierra Madre Occidental SN: Sierra 
Nevada. The black box on the timeline represents late Pleistocene/Holocene glacial- 
interglacial cycles.
Figure 4 Parsimony analysis of endemicity (Morrone and Crisci, 1995) of
distributional data of warm desert herpetofauna of western North America. Strict 
consensus of two most parsimonious trees of 52 steps using the branch and bound 
algorithm (Swofford et al., 1996) of PAUP 3.1.1 (Swofford, 1991). The dataset was 
polarized with an ancestoral node that had all taxa coded as absent (Cracraft, 1991; 
Morrone, 1994). Endemic taxa are represented as apomorphies (lines) on terminal nodes, 
with solid boxes representing convergences and hollow boxes regional extinction/loss of 
taxa.
Figure 5 Biogeographic models of a) deep b) shallow and c) mixed hierarchical
geographic population structure. Some predictions of deep and shallow history models are 
given in Table 2. In a mixed hierarchical model, recent intraregional molecular population 
structure is temporally and spatially constrained by a preexisting long-term deep history 
events.
Figure 6 Models of divergent alleles that could lead to observed phylogenetic
structure consistent with vicariant separation of formerly contiguous populations. A:
Lack of an appropriate outgroup to resolve independent colonization by non-related taxa or 
lineages. B: Undersampling within and across regions that fails to detect shared diversity 
of haplotypes across regions. C: Vicariant isolation resulting from either mutation or 
sorting and subsequent increase in diversity subsequent to the formation of a physical 
barrier to gene flow.
Table 1 Arid-dwelling herpetofauna of western North America used in parsimony
analysis of endemicity (Morrone and Crisci, 1995; Figure 4) of regional deserts.
Boldface taxa have subspecific variation noted in the literature. PD: Peninsular (Baja) 
Desert SJV: San Joaquin (Central) Valley MD: Mojave Desert GB: Great Basin 
SD: Sonoran Desert CD: Chihuahuan Desert. Number represents the taxon on the 
PAE tree (Figure 4). 'X' indicates species presence in regional desert. Distributional data 
taken from Hafner (1981) and Stebbins (1985).
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Table 2 Predicted distribution, diversity, and divergence of alleles under models of 
late Tertiary/early Quaternary (Deep history) versus late Quaternary (Shallow history) 
historical geographic population structure.
Appendix A Relief map of the western United States showing topographic complexity of 
the Basin and Range province. Elevational relief is indicated by GIS false color shading.
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Figure 1 Late Cenozoic geological and abiotic events of western North America
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Figure 2 Arid regions of western North America
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Figure 3 Pliocene/early Pleistocene vicariant events
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Figure 4 PAE of warm desert herpetofauna
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Figure 5 Biogeographic models
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T a b le  1 PAE of warm desert herpetofauna
SJV MD GB SD CDTaxa N um ber IPD
Arizona elegans 38 i X X X X X
Bipes bipes 90 1 X
Callisaurus draconoides 9 1 X X X X
Chilomeniscus cinctus 47 I X X
Chilomeniscus punctatissimus 48 j X
Chionactis occipitalis 46 X X
Chionactis palarostris 45 X
Cnemidophorus burti 79 X X
Cnemidophorus exsanguis 76 X
Cnemidophorus hyperythrus 27 i X
Cnemidophorus inornatus 30 X
Cnemidophorus maximus 28 1 X
Cnemidophorus neornexicani^ 78 L X
Cnemidophorus sonorae 77 X
Cnemidophorus tesselatus 75 X
Cnemidophorus tigris 26 I X X X X X X
Cnemidophorus uniparens 29 X
Coleonyx brevis___ 4 X
Coleonyx swaitaki 60 i X
Coleonyx variegatus 3 i X X X
Cophasaurus texana 62 X X
Crotalus atrox 89 X X X
Crotalus cerastes 54 X X
Crotalus enyo 58 i X
Crotalus exsul 95 I X
Crotalus lepidus 53 X
Crotalus mitchelli 56 i X X X X
Crotalus molossus 51 X X
Crotalus ruber 55 i X
Crotalus scutulatus 57 X X X
Crotalus tigris 52 X
Crotaphytus bicinctores 65 X X X
Crotaphytus collaris i _ X X X X
Crotaphytus grismeri 6 8  I X
Crotaphytus nebrius 55 X
Crotaphytus vestigium 67 I X
Dipsosaurus dorsalis 8  j X X X
Elaphe raosaiiae 39 i X
Elaphe subocularis 40 X
Eridephas slevini 91 j X
Gambelia copei 93 i X
Gambelia siius 13 X
Gambelia wislizenii 12 1 X X X X X
Gerrhonotus panamintus 80 X
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T a b le  1 continued ---- ■ ------- — -------
Gopherus agassizi 1 X X
Gopherus berlandieri 2 X
Gyalopion canum 4 9 X
Heloderma suspectum 31 X
Hypseglenia torquata 8 7  I X X X X X X
Lampropeltus getulus 41 X X X X X
Leptotyphiops dulcis 81 X
Leptotyphlops humilis 3 2  I X X X X
Lichanura trivirgata 33 X X
Masticophis bilineatus 82 X
Masticophis flagellum 36  I X X X X X X
Micruroides euryxanthus 88 X X
Petrosaurus meamsi 7 2  i X
Phrynosoma cornutum 74 X
Phrynosoma coronatum 7 3  i X
Phrynosoma m'calli 2 4 X
Phrynosoma modestum 25 X
Phrynosoma platyrhinos 2 2 X X X
Phrynosoma solare 23 X
Phyllodactylus xanti 5 9  I X
Phyllorhyncus browni 3 4 X
Phyllorhyncus decurtatus 35  1 X X X
Pituophis bimaris 92  I X
Pituophis melanoleucus 8 3  I X X X X X X
Rhinocheilus iecontei 4 2  1 X X X X X
Salvadors hexalepis 3 7  i X X X X X
Sauromalus ater 6 j X
Sauromalus obesus 7  1 X X
Sceloporus magister 14 i X X X X X X
Sceloporus orcutti 15 : X
Sceloporus poinsetti 16 X
Sceloporus undulatus 69 X X X X
Sceloporus zosteromus 9 4  i X
Sonora mosaueri 4 4  i X
Sonora semlannulata 4 3  1 X X X X X
Tantilla hobartsmithi 85 X X
Tantilla nigrjceps 86 X
Tantilla wilcoxi 8 4 X
Trjmorphodqn ^ cu tatus 5 0  i X X X X
Uma inorata 6 3 X
Lima notata 11 X
Uma scoparia 10 X
Urosaurus graciosus 17 X X
Urosaurus nigricaudus 18 1 X
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T ab le  1 con tinued
Urosaurus ornatus 
Uta stansburiana
70
20
X X X X 
X X  X X X X
Uta thalassina 21 X
Xantusia henshawi 61 X
Xantusia vigilis 5 X X X  X
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Table 2 Predictions of Models
Late Tertiary/
Early Quaternary Late Quaternary
distribution of alleles restricted/localized widespread/common
diversity of alleles greater/increased reduced/decreased
divergence of alleles higher variable
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Appendix A Topographic relief map of the western United States
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CHAPTER 2
PHYLOGEOGRAPHIC STRUCTURING AND MOLECULAR POPULATION 
STRUCTURE IN TWO SPECIES OF WIDESPREAD COLLARED LIZARDS 
(CROTAPHYTIDAE: CROTAPHYTUS BICINCTORES M D  C. COLLARIS)
Abstract
Relationships between four species of collared lizards (Crotaphytus bicinctores C.
collaris, C. nebrius, and C. vestigium) along with the congener Gambelia wislizeni were
examined using mitochondrial DNA (mtDNA) from populations representing five arid
regions (Chihuahuan, Colorado Plateau, Great Basin, Mojave, Sonoran) in western North
America. Nucleotide sequence variation from a 384 base pair stretch of the mtDNA
c o m  gene in 20 individuals revealed six clades distributed among four biogeographic
regions: EASTERN (C. collaris from the Great Plains + Chihuahuan desert), CENTRAL
(C collaris from the Sonoran, Mojave, and eastern Colorado Plateau arid regions, C.
nebrius from the Sonoran desert, and C. bicinctores from the Sonoran desert), and
WESTERN (C. bicinctores from the Mojave, Great Basin, and western Colorado Plateau
arid regions), and northern PENINSULAR (C. vestigium). The large divergences
between these clades is consistent with previous hypotheses of late Tertiary vicariant
isolation due to otogenic events such as the San Gorgonio Constriction, Bouse
Embayment and uplifting of the Sierra Madre Occidentals. The close genetic association
of CENTRAL C. bicinctores with nearby populations of C. collaris is presumed to
represent an introgression or hybridization event between the two species. Parsimony
and distance analyses confirmed that within region divergences were noticeably less than
across-region divergences. I then examined population structure
32
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within C. bicinctores and C. collaris respectively, using ten tetra- and heptanucleotide 
restriction enzymes to assay restriction-site variation in a 2150-bp PCR-amplified 
fragment from the ND2 and part of the COI gene regions of mitochondrial DNA. For 
both species, haplotype diversity and nucleotide divergence was highest in southern 
populations and greatly reduced in the north. For C. collaris, the Great Plains and the 
Colorado Plateau are divergent from each other, but appear to be recently derived from 
southern populations in the EASTERN and CENTRAL regions, respectively. Therefore,
I concluded that Crotaphytus demonstrates a hierarchical population structure of within 
region population range-shifting and recent range expansion in response to Quaternary 
climatic changes constrained by higher level regionalization of discrete evolutionary 
lineages.
Introduction
Historical biogeography concentrates on reconstructing the association between 
historical (geological, climatic, and ecological) events and the contemporary 
distributions of organisms (Brooks and McLennan 1991; Myers and Giller 1988; Platnick 
and Nelson 1978). To the extent that diversification in a widespread taxon is the product 
of sequential episodes of geographic isolation and divergence, the recovered phytogeny 
can be converted into a hypothesis of biogeographic relationships (Rosen 1988a). 
Recently, there has been a renewed interest in recovering the biogeographic history of 
continental biotas (Cracraft 1988; Joseph and Moritz 1994; Moritz et al. 1993; Patton et 
al. 1994; Riddle 1995; Riddle 1996). However, some biologists have expressed 
skepticism that continental biotas possess a strong signal of diversification attributable to 
vicariant isolation and divergence (Brown 1995). This skepticism derives from 
consideration of individualistic models of taxonomic response to late Pleistocene events 
that suggest a loss of community structure during glacial advances and retreats (Graham
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1986). According to this view, the processes of dispersal and extinction over Pleistocene 
and Holocene time frames are sufficiently strong to have eroded any original associations 
between taxa and areas of endemism. Nevertheless, a growing number of rigorous 
assessments o f  geographic and population phylogenetic structure in a variety of 
widespread taxa indicate levels of divergence and phylogeographic structure in 
continental biotas that would be difficult to explain under models o f late Pleistocene 
population range shifting alone (Cracraft 1988; Dodson etal. 1995; Joseph and Moritz 
1994; Moritz, et al. 1993; Patton, et al. 1994; Riddle 1995). Instead, these results are 
consistent with expectations of long-term isolation and divergence among populations.
Some workers have postulated that major patterns of geographic isolation and 
divergence in western North America are products of late Pleistocene (c. 1 mya-recent) 
glacial/interglacial cycles (Axtell 1972; Findley 1969; Hubbard 1974; Schmidly et al. 
1994; Tanner and Banta 1977). However, late Miocene, Pliocene, and early Pleistocene 
(1.6-10 million years ago), orogenic events such as the uplifting of the Sierra Nevadas 
and the Sierra Madre Occidentals, along with marine transgressions from the Gulf of 
California all may have created barriers to biotic dispersal in the southwestern United 
States (Figures 1 and 3 and Appendix A, Atwater 1970; Lamb et al. 1989; Lamb et al. 
1992; Lucchitta 1979; Morafka 1977; Norris and Webb 1976; Sanborn and Loomis 1979; 
Smith 1970). W hether population isolation and diversification resulted from late 
Pleistocene or earlier events, arid-lands biotas could be organized into a number of 
distinct areas o f endemism. Regional endemic herpetofaunas have been postulated for 
both the Chihuahuan desert (Morafka 1977) and the Baja peninsula (Grismer 1994;
Hafner and Riddle 1997; Murphy 1983). Each of these authors have proposed models of 
vicariance within late Tertiary/early Quaternary time frames. The parsimony analysis of 
endemicity (Morrone and Crisci 1995; Rosen 1988b) from chapter 1 (Figure 4) provides 
further tentative evidence for regional associations of xerophilic herpetofauna.
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Vrba's (1992) habitat theory of taxonomic response postulates that taxa from areas 
of high relief and topographic complexity are more likely to undergo vicariant isolation 
in comparison to more homogenous habitats. Likewise, habitat specialists are more 
likely to undergo population fragmentation and isolation than generalist taxa. Molecular 
phylogeographic data from rodents has revealed greater levels of divergence and 
diversity within the topographically complex Basin and Range province (e.g. Lucchitta 
1979; Norris and Webb 1976; Ruddiman et al. 1989) in comparison to the more 
homogenous Great Plains (Ferrell 1995; Nickle 1994; Riddle 1995).
The arid-dwelling herpetofauna of western North America have provided useful 
data for testing biogeographic responses to historical events (Grismer 1994; Morafka 
1977). The utility of mtDNA in phylogeographic studies has been thoroughly reviewed 
elsewhere (Avise 1989; Avise 1994; Avise etal. 1987; Moore 1995; Riddle 1996). In 
brief, molecular data can provide rigorous assessments of biogeographic hypotheses for 
both reptiles and mammals of the western United States (Jones et al. unpubl. data; Lamb, 
et al. 1989; Lamb, et al. 1992; Riddle 1995; Riddle and Honeycutt 1990; Riddle et al.
1993; Zamudio et al. unpubl. data).
Collared lizards (Crotaphytidae: Crotaphytus) are widespread throughout western 
North America and occur in both the relatively homogenous Great Plains steppe- 
grasslands as well as the topographically complex Basin and Range provinces (Figure 7, 
Stebbins 1985). O f the 9 recognized species (McGuire 1996), C. collaris and C. 
bicinctores are particularly widespread throughout the desert regions of the western 
United States. Like many other lizards, Crotaphytus is both territorial (Fitch 1956; 
Sanborn and Loomis 1979) and sexually dimorphic (Axtell 1972; Fitch 1981; McGuire 
1994). Crotaphytids are well known for their saxicolous or rock-dwelling habitat 
preferences (Fitch and Tanner 1951; McGuire 1996). Despite the common denominator
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of saxicolous requirements, C. collaris and C. bicinctores differ in their habitat 
preferences. Whereas C. bicinctores occurs throughout foothills near the desert floor, C. 
collaris is more of a grassland-steppe animal that also ranges into higher altitudes up to 
and including the pinon-juniper belt (Montanucci 1983). Therefore, I directly compare 
collared lizards o f the genus Crotaphytus with other wide-spread lizard species such as 
desert iguanas , chuckwallas (Lamb, et al. 1992), and homed lizards (Jones et al., unpubl. 
data), to investigate whether or not there are similar patterns of phylogeographic 
structuring within arid-dwelling lizards of the western United States that support models 
of vicariant isolation and divergence. At the same time, I extend previous studies to 
further address hypotheses of late Tertiary isolation of Baja California from the North 
American mainland (e.g. Grismer 1994; Hafner and Riddle 1997) as well as late 
Pleistocene eastward expansion via grassland steppes.
The Crotaphytidae have a long and convoluted taxonomic history (summarized in 
McGuire 1996). First described by Holbrook (1842), much of the controversy centered 
around the generic status of Gambelia with respect to Crotaphytus. I accept the generic 
distinctions proposed by Montanucci et al. (1975) and utilized by most subsequent 
workers. While the species content within the genus Crotaphytus has fluctuated 
throughout the years, I accept the taxonomy proposed by McGuire (1996) and likewise 
consider subspecies within C. collaris as pattern classes (sensu Frost et al. 1992). While 
C. bicinctores and C. collaris are the primary focus of this paper, I will consider two 
other species (C. nebrius and C. vestigium) that help clarify the biogeographic history of 
C  bicinctores and C. collaris.
Previous work on Crotaphytus has led to the proposal of several biogeographic 
and phylogenetic scenarios for the genus (Table 3). A recurring theme throughout many 
of these works is the hypothesis of Pliocene origin, followed by Pleistocene
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diversification and/or range expansion. Crotaphytus collaris is considered to have a 
Mexican origin, followed by a northern dispersal/expansion. Tectonic events such as the 
formation and isolation of the Baja peninsula (see chapter 1 and references therein) are 
thought to have further isolated species such as C  bicinctores and C. vestigium. Each of 
the works from Table 3 focused only on a small part of the phylogenetic and 
biogeographic history of Crotaphytus with McGuire (1996) providing a summary of 
hypotheses to date. As noted above, C. bicinctores and C. collaris together have a 
distribution that encompasses much of the biotic and physiographic variation in the 
western United States. I will use the models presented in Chapter 1 (Figures 5 and 6) to 
evaluate biogeographic history with respect to genetic divergence and diversification 
within these two species.
Materials and Methods
Laboratory methods
A total o f 29 individuals of Crotaphytus bicinctores from 16 localities as well as 
33 specimens from 17 localities for C. collaris were examined for this study (Figure 8, 
Appendix B). I also utilized 2 specimens of C. nebrius and one of C. vestigium as 
outgroups. Total genomic DNA was isolated according to established protocols 
(Dowling et al. 1990; Hillis et al. 1990). One fragment of about 2150 bp including the 
NADH subunit 2 (ND2) gene (1035 bp), five intervening tRNAs, and 705 bp of the COI 
gene was amplified using primers within the met-tRNA and cytochrome oxidase subunit I 
(COI) gene ( L3880, 5-TAAGCTATCGGGCCCATACC-3'; and H6033, 5- 
ACTTCAGGGTGCCCAAAGATTCA-3') and used for RFLP analyses. Nucleotide 
sequences were from a 757bp fragment of the cytochrome oxidase subunit 3 (COIII) gene 
(H9375, 5 ' - ACT A AGAG AGT AGG ATCCTC ATC AAT A-3 ' ; H9323, 5 ’- 
ACTACGTCTACGAAATGTCAGTATCA-3’; L8586, 5’-
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TACGTATTCACCCTTCTAGTAAGCCT-3’; and L8618, 5’- 
C ATG AT AAC AC AT AATG ACCC ACC AA-3 ' ). All primer locations are numbered 
according to the 3 ’ base position in Mus (Bibb etal. 1981) and are also listed in Riddle et 
al. (1993).
Nucleotide sequence data were used to provide an initial estimate about 
phylogenetic relationships within Crotaphytus and to assess the monophyly of Gambelia 
wislizeni with respect to Crotaphytus. Exemplars within each species were selected from 
all major biogeographic regions and included all the G. wislizeni samples utilized Chapter 
2. Protocols were modified from the cycle sequencing method outlined by Hillis et al. 
(1996a). I obtained a maximum of 417 readable bases that were aligned and translated to 
amino acid sequence (using MacVector 3.5) for verification of reading frame integrity. 
Sequences were deposited in Genbank under accession numbers XX to XX.
For ND2/COI restriction-site analyses, five microlitres of each PCR reaction were 
digested with the following enzymes according manufacturers' protocols: fijp 12861,
Bstul, Ddel, Hhal, HincU, Hinfl, Mbol, Mspl, Rsal, and Taql. Otherwise, the procedure 
follows that of Dowling et al (1996). Invariant or apomorphic enzymes and/or sites are 
listed separately for each core species but were excluded from further analyses. 
Intraspecific divergences among mtDNA haplotypes examined in this study were 
sufficiently low to permit pairwise inference of single restriction site differences among 
haplotypes (Dowling, et al. 1996) drawn from individuals within either C. bicinctores or 
C. collaris, eliminating the need for double and partial digestion methods of obtaining a 
matrix of mapped restriction sites.
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Data Analysis
Overall Phylogenetics and Sequence Analyses
Unlike previous phylogeographic studies of arid-dwelling lizards mentioned in 
the introduction, this study encompasses five different and potentially divergent species. 
Therefore, sequence analyses were used to define monophyletic clades for subsequent 
analyses. Sequence divergence was calculated pairwise among samples using the method 
of Tamura and Nei (1993) as implemented in MEGA vl.O (Kumar et al. 1993). The 
resulting distance matrix was used to generate a neighbor-joining tree (Saitou and Nei
1987). Sequence divergence was plotted against transitions, transversions, total 
substitutions, and transition/transversion ratios in order to identify potential bias 
Introduced by multiple hits at a site that might affect subsequent phylogenetic analyses 
encompassing particular clades. For each clade identified by the overall analysis, 
maximum-parsimony phylogenetic hypotheses via the Branch and Bound algorithm of 
PAUP 3.1.1 (Swofford 1991) provided an independent assessment of the neighbor- 
joining phytogeny. For both sets of analyses, support for phylogenetic nodes was 
obtained by bootstrapping (Felsenstein 1985; Hedges 1992). Where computational limits 
prevented bootstrap analyses, estimates of support for phylogenetic nodes were obtained 
through consensus analyses of topologies obtained via PAUP 3.1 .1's Branch and Bound 
algorithm (Swofford 1991).
Geographic structure within clades and RFLP analyses
Whereas the primary goals of the sequence analyses were to define monophyletic 
clades and estimate divergences among clades, the RFLP analyses were used to 
determine the geography and spatial structure of each clade. Overall sequence 
divergence for the restriction site data was calculated for each pair of composite 
haplotypes. The data were treated as restriction sites, and the number of nucleotide
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substitutions per site was estimated using the method of Jukes and Cantor (1969), with 
standard errors of this estimate obtained through a jackknife approach. The sequence 
divergence data were used to produce UPGMA (Sneath and Sokal 1973) trees as 
implemented in RESTSITE v 1.2 (Miller 1991).
A number of approaches are available for examining geographic structure and 
heterogeneity among mtDNA haplotypes (e.g. 4> statistics, nested cladistic analyses, 
and Gst,) (Excoffier et a i  1992; Roff and Bentzen 1989; Takahata and Palumbi 1985; 
Templeton et a i  1995). I used restriction-site data to examine haplotype diversity ( h ) and 
nucleotide diversity ( ft) using Nei’s (1987) equations as implemented within REAP v 4.0 
(McElroy e /a /. 1991). AMO VA (Excoffier er a/. 1992) analysis was used to assess 
alternative hypotheses of hierarchical regional structure. The O statistics utilized by 
AMO VA have the advantage of 1) allowing investigation of hierarchical patterns of 
mtDNA variation 2) not relying on the normal distribution of the molecular dataset and 3) 
flexible user implementation.
Results
Overall Phylogenetics
In general, the neighbor-joining tree of the total data set (Figure 9) of distance 
data (Table 4, Appendix C) generated from mtDNA COIII sequences and utilizing the 
algorithm of Tamura and Nei (1993) corresponds to the accepted species content of the 
Crotaphytidae (McGuire 1996). Sequence divergences of over 20%, long branch lengths, 
and unequivocal bootstrap support separate Gambelia wislizeni from the Crotaphytus 
species used in this study (Figure 9, Table 4). Strong bootstrap support further 
distinguishes Crotaphytus bicinctores, C. nebrius, and C. vestigium as well as two distinct 
clades of C. collaris (Figure 9). Sequence divergence between C. vestigium of the Baja 
PENINSULAR desert and the other three species of Crotaphytus ranged from 13.4-15.7
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percent (Table 4). Large sequence divergences of greater than ten percent also separated 
C  bicinctores from the Mojave and Great Basin deserts from other Crotaphytus, 
including a clade of C. bicinctores from the Sonoran desert. C. collaris and C. nebrius 
have the lowest interspecific divergences (approximately six percent) with respect to the 
other Crotaphytus examined in this study.
For biogeographic analyses, I will consider two primary clades defined both by 
phylogenetic (Figure 9 and Table 4) and geographic association (Figure 7): 1) 
WESTERN collared lizards from the Mojave and Great Basin deserts (C. bicinctores ) 
and 2) EASTERN specimens from the Chihuahuan desert (C. collaris), and CENTRAL 
specimens (C. collaris from the Sonoran, Mojave, and Colorado Plateau arid regions; 
along with C. nebrius and C. bicinctores from the Sonoran desert). Surprisingly, in this 
analysis, C. bicinctores from the CENTRAL region appears to be genetically associated 
with nearby CENTRAL populations of C. collaris. This appears to be an apparent 
instance of introgression that will be more fully discussed below. For addressing 
geographic structuring within clades, I will only consider the two wide ranging species 
that form the core of this study: C. bicinctores (excluding the CENTRAL samples) and 
C. collaris. Having defined each clade, I will first consider geographic structure within 
the core species (restriction-site analyses) followed by overall biogeographic context 
(sequence analyses including the representatives of each clade).
Crotaphytus collaris
Patterns of variation and geographic structure
Restriction digests of the ND2-C0I mtDNA fragments resulted in a total of 38 
inferred restriction sites (25-30 sites per haplotype) of which 14 were phylogenetically 
informative (Table 5). Bsp\2%(i was invariant within C. collaris and thus excluded from 
these analyses. O f a total of 19 composite haplotypes, 11 were found in only one
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individual, 6 in two individuals, and three widespread haplotypes found in three or four 
individuals (Table 6, Figure 10). Five localities contained more than one haplotype, 
while 5 haplotypes were present in two or more localities (Table 6, Figure 10).
Sequence divergence among haplotypes ranged from nearly identical (widespread Great 
Plains haplotype 2 and haplotypes 17, 18, and 19 from Hudspeth County, TX) to 7.8% 
(Yavapai County, AZ haplotype 10 and the widespread Great Plains haplotype 2) (Table 
7).
The UPGMA tree (Figure 11) generated from the distance matrix (Table 7) 
contains two principal clusters of haplotypes separated by an average divergence value of 
approximately 5%: EASTERN (Great Plains and Chihuahuan) and CENTRAL (Sonoran 
and Mojave deserts east of the Colorado River along with the eastern Colorado Plateau 
arid region).
The large proportion of variation in haplotype differences attributable to 
phylogenetic sorting among the EASTERN and CENTRAL clades was corroborated by 
analysis of molecular variation (AMOVA). In this analysis, 65% (P<0.001) of the 
variation is attributable to differences among geographic regions and 27% (P<0.001) 
attributable to variation among populations within each region. Small sample sizes 
precluded measuring intra-population variation. Considering populations within each 
clade separately, this pattern continued as almost all (88%, p<0.001) of the within clade 
variation was accounted for by among population variation.
Haplotype diversity is remarkably high in both the EASTERN and CENTRAL 
regions (Table 8). Nucleotide diversity is twice as high in the EASTERN region with 
respect to the CENTRAL clade(Table 8), but a Mann-Whitney U test (Sokal and Rohlf 
1981) comparing intra-regional divergences was not significant (Z=0.710). Finally,
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nucleotide diversity and divergence are high across each region; reflecting a lack of 
shared haplotypes across regions (Figure 12, Table 8).
Nucleotide sequence variation, distances and trees
Nine Crotaphytus collaris representing major haplotype clusters within and 
among the EASTERN and CENTRAL clades varied at 31 of 387 nucleotide sites from 
the COIII mtDNA gene (Table 9, Appendix D). Inclusion of two C. nebrius and three 
representatives of the CENTRAL C. bicinctores clade in the analysis increased the 
number of variable sites to 34. While closely associated with C. collaris, C. nebrius and 
CENTRAL C. bicinctores sequences will be considered only in biogeographic analyses 
and the summary of variation that follows only includes C. collaris. The number of 
nucleotide positions that differed among individual haplotypes ranged from 2 (between 
Maricopa County, Arizona haplotype 5 and San Juan County, Utah representing 
Colorado Plateau haplotype 7) to 21 (between Mohave County, Arizona haplotype 6 and 
Lincoln County, New Mexico haplotype 12).
Plots of nucleotide sequence divergence versus transitions, transversions, and 
especially total substitutions were approximately linear within the Crotaphytus collaris 
group (C. collaris, C. nebrius, and CENTRAL C. bicinctores) (Figure 13, Table 9).
There was little evidence for bias or saturation of substitutions within this clade, although 
there was a noticeable disjunction between EASTERN, CENTRAL (including 
CENTRAL C. bicinctores), and C. nebrius clades. Nucleotide sequence divergence 
values as calculated by Tamura and Nei's algorithm (1993) ranged from 0.5% (again, 
between Maricopa County, Arizona haplotype 5 and San Juan County, Utah representing 
Colorado Plateau haplotype 7) to 6.4% (again, between Mohave County, Arizona 
haplotype 6 and Lincoln County, New Mexico haplotype 12) (Tables 21 and 22,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
44
Appendix C). Including the CENTRAL C. bicinctores and C. nebrius, maximum 
divergence was 7.4% (between C. nebrius and Lincoln County, NM. haplotype 12) 
Intra-regional divergences (<3.3%) were much less than interregional divergences 
>4.5%) (Table 10 ). There were no transversions present for intra-regional pair-wise 
samples, and very few within the C. collaris clade.
A neighbor-joining tree generated from the distance matrix (Table 9) and a 
parsimony tree o f the sequence data (both using generalized weighting) produced similar 
cladograms (Figure 14). Other weighting schemes (transversion parsimony or mixed 
parsimony with third position transversions) produced trees with unresolved polytomies. 
For the distance analyses, I obtained estimates of support for phylogenetic nodes via 
bootstrapping (Felsenstein 1985; Hedges 1992) (Figure 14a). Parsimony analysis 
resulted in 21 most parsimonious trees of 67 steps (Figure 14b). Despite the different 
assumptions of distance and parsimony methods, retrieved topologies were nearly 
identical for each method. In both analyses, the EASTERN and CENTRAL groups of C. 
collaris were strongly supported, as well as the close association of CENTRAL C. 
bicinctores with the CENTRAL C. collaris clade. C. nebrius emerges as distinct from, 
but nevertheless closely associated with C. collaris with respect to the outgroups C. 
bicinctores of the WESTERN region and C. vestigium from the PENINSULAR region.
Crotaphytus bicinctores
Patterns of variation and geographic structure
Restriction digests of the N D 2-C 0I mtDNA fragments resulted in a total of 47 
inferred restriction sites (21-32 sites per haplotype) of which 11 were phylogenetically 
informative (Table 11). Enzymes Bstul, Hhal, HincU, and Mspl were either invariant or 
apomorphic and not included in subsequent analyses. Of a total of 12 composite 
haplotypes, 9 were found in only one individual, two in two individuals, and a
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widespread haplotype from the WESTERN.northwest region found in eleven individuals 
(Table 12, Figure 10). Two localities contained two haplotypes, while haplotype 2 was 
present in two localities and the dominant WESTERN.northwest haplotype was present 
in five localities (Table 12, Figure 10). For the most part, each locality contained a 
unique or dominant composite haplotype (Table 12). Sequence divergence among 
haplotypes ranged from 0.5% (WESTERN.northwest haplotypes 1/2 that varied by one 
apomorphic site in haplotype 2) to 5.3% (WESTERN.south haplotypes 7 and 11 from 
Kane County, Utah and Inyo County, California respectively) (Table 13).
The UPGMA tree (Figures 15 and 16) contains four clusters of haplotypes 
separated by an average divergence value of greater than 2%: Geographic structuring of 
haplotypes reveals two principal biogeographic sub-regions: 1 ) haplotypes from the 
Mojave and eastern Colorado Plateau deserts that comprise a WESTERN.south sub- 
region of relatively large divergences and high genetic diversity and 2) haplotypes from 
the western Great Basin desert that constitute a WESTERN.northwest sub-region of 
greatly reduced divergence and diversity.
The large proportion of variation in haplotype differences attributable to 
phylogenetic sorting among the WESTERN.northwest and WESTERN.south clades was 
corroborated by analysis of molecular variation (AMOVA). In this analysis, 55% 
(P<0.001) of the variation is attributable to differences among geographic regions and 
40% (P<0.03) attributable to variation among populations within each region. A Mann- 
Whitney U test comparing intra-regional divergences was not significant (Z=0.537). 
Haplotype diversity is lowest in the WESTERN.northwest region, and remarkably high in 
the WESTERN.south (Table 14). Reflecting the presence of a widespread common 
haplotype and only one other, virtually identical haplotype, nucleotide diversity is 
nonexistent in the WESTERN.northwest region (Table 14, Figure 16).
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Nucleotide sequence variation, distances and trees
Despite the apparently close relationship between Crotaphytus bicinctores and C. 
vestigium (McGuire 1996), large divergences between these two taxa (Table 4) preclude 
the a priori assignation of a sole outgroup for C. bicinctores, especially since long 
branch lengths can confound phylogenetic analyses (Felsenstein 1978). Therefore, I also 
included two specimens of C. collaris (one each from the EASTERN and CENTRAL 
clades), along with a specimen of C. nebrius. Two individuals representing both 
WESTERN.northwest haplotypes as well as three WESTERN.south sample localities 
varied at 24 of 384 nucleotide sites from the COIII mtDNA gene (Table 15, Appendix 
D). While representing ND2/C0I haplotypes 1 and 2, the two samples from the 
WESTERN.northwest sub-region produced identical COIII sequences. The number of 
nucleotide positions that differed among individual haplotypes ranged from 10 (between 
Clark County, Nevada RFLP haplotypes 6 and 10) to 14 (between San Bernardino 
County, California haplotype 4 and Harney County, Oregon haplotypes 1 and 2) (Table 
15).
Plots of nucleotide sequence divergence versus transitions, transversions, and 
especially total substitutions were virtually flat within Crotaphytus bicinctores, but 
demonstrated a sharp disjunction between C. bicinctores and other Crotaphytus species 
(Figure 17, Table 15). There was little evidence for bias or saturation of substitutions 
within C. bicinctores. Nucleotide sequence divergence values as calculated by Tamura 
and Nei's algorithm (1993) ranged from 0% (again, within the WESTERN.northwest 
region) to 4.2% (again, between San Bernardino County, California haplotype 4 and 
Harney County, Oregon haplotypes 1 and 2) (Table 29, Appendix C). Finally, large 
divergences separated all C. bicinctores samples and the other Crotaphytus used in this 
study (c. 10-15%) (Figure 17; Tables 16 and 27).
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A neighbor-joining tree generated from the distance matrix (Table 15) using 
Tamura and Nei's algorithm and a parsimony analysis of the sequence data using 
generalized weighting produced similar cladograms (Figure 18). For both distance and 
parsimony analyses, I obtained estimates o f support for phylogenetic nodes via 
bootstrapping (Felsenstein 1985; Hedges 1992). Discordance among topologies probably 
reflects both limited sample size and relatively low divergences among nodes.
Discussion
In general, the neighbor-joining tree o f the total data set from mtDNA COIII 
sequences (Figure 9) corresponds to the accepted species content of the Crotaphytidae 
(McGuire 1996). In particular, unequivocal support and large divergence values provide 
the first robust molecular corroboration of the long-accepted generic status of Gambelia. 
This analysis is also consistent with McGuire’s (1996) morphological dataset with 
respect to the specific status of Crotaphytus bicinctores, C. nebrius, and C. vestigium. 
Divergences between C. bicinctores and C  vestigium  are noticeably larger than those 
found between C. bicinctores and C. collaris (Table 4). The neighbor-joining tree 
(Figure 9) that tenuously associates the C. bicinctores clade with both C. nebrius and C  
collaris suggests that continued work in resolving phylogenetic relationships within 
Crotaphytus is warranted. Note that for individual species analyses (e.g. Figures 14 and 
18), C. nebrius is more closely associated with the C. collaris clade and the lack of 
resolution may represent large, but equidistant, divergences and branch lengths within 
Crotaphytus with respect to G. wislizeni. Ongoing phylogenetic work to resolve species 
relationships within Crotaphytus will no doubt shed more light on this dataset (McGuire, 
pers. comm.).
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While the EASTERN, CENTRAL, WESTERN, and PENINSULAR mtDNA 
c o i n  clades are highly divergent from one another and generally correspond to species 
designations, calibration of estimates of divergence times from these data are 
problematic for two reasons. First, possible metabolic and life-history influences on rates 
of mtDNA divergence (Martin et al. 1992; Martin and Palumbi 1993; Rand 1994) make 
extrapolating rates of divergence from available studies of mammalian COIII sequence 
data unreliable because as poikilotherms, lizard metabolic rates and life-histories 
radically differ from mammals (Andrews and Pough 1985; Pough et al. 1989). Second, 
although rates of divergence can be calibrated by relating phylogenetic branching events 
with divergence times revealed in the fossil record (Benton 1993; Marshall 1990; Smith 
1994; Wray et al. 1996), error margins for molecular calibrations often preclude accurate 
dating of molecular divergences (Hillis et al. 1996b). Moreover, even if one accepts 
accurate fossil calibration of molecular data, pre-Pleistocene lizard fossils are rare in 
western North America and non-existent for Crotaphytus (Estes 1983). In short, the best 
approach to establishing a framework for understanding the development of 
phylogeographic structure within Crotaphytus from the western deserts will assess 
whether that structure is more consistent with either a history of population isolation and 
divergence associated with events in earth history (Figures 1 and 3) or with population 
and life history parameters intrinsic to Crotaphytus that are sufficient to produce such a 
pattern without consideration of earth history (Figures 6a and 6b). Only a preliminary 
scenario is presented here with the anticipation that evidence bearing on these alternative 
explanations will come from comparative examination of phylogeographic structure 
across a diverse assemblage of arid-adapted species with coincident geographic 
distributions.
A preliminary geological area cladogram for arid regions of western North 
America has been summarized previously (Chapter 1, Figure 1). O f particular interest is
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the relatively rapid and perhaps near-simultaneous set of postulated vicariance events 
during the Pliocene/early Pleistocene that provides geological and paleoecological 
evidence consistent with near-simultaneous divergences between EASTERN,
CENTRAL, and WESTERN clades within Crotaphytus during that time frame (for a 
detailed summary o f phylogenetic polytomies and historical biogeography, see Hoelzer 
and Melnick 1994).
Grismer's (1994) "northern Pliocene vicariant complex" of reptiles in the Baja 
Peninsular desert coincides with the encroachment of the Bouse Sea from the current 
head of the Gulf o f California c. 3mya. Included in this ancestral biota are Crotaphytus 
vestigium in Baja Peninsular deserts, and C. bicinctores in continental deserts. The 
phylogeographic pattern represented by a temporally contemporaneous split between the 
EASTERN, CENTRAL, WESTERN and PENINSULAR clades within Crotaphytus is 
consistent with the geological area cladogram that specifies a polychotomous 
Pliocene/early Pleistocene vicariance between Southwestern Basin and Range, 
Southcentral Basin and Range, and Southeastern Basin and Range areas of endemism. 
Future sampling of C. vestigium throughout Baja and C. nebrius from southern Arizona 
and Mexico, along with a better understanding of Crotaphytus phylogeny (McGuire, pers. 
comm.) is required to fully corroborate to the time frame proposed herein for divergences 
between Crotaphytus lineages.
Ultimately, the validity of a vicariant explanation for population isolation and 
divergence depends upon the extent to which multiple co-distributed taxa demonstrate 
congruent area-relationships (Morrone and Crisci 1995). Can the vicariant model of 
Crotaphytus phylogeographic history proposed herein be generalized across a suite of 
associated arid-adapted species? Several lines of evidence suggest the existence of a 
warm desert ancestral biota, widespread throughout North American desert regions
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during the late Miocene/early Pliocene that subsequently fragmented into the areas of 
endemism as illustrated by the geological area cladogram of Figure 1. Using phenetic 
data of taxonomic and biotic associations, Morafka identified an endemic herpetofauna 
for the Chihuahuan region (Morafka 1977). Morafka's biogeographic reconstruction 
suggested a Pliocene origin o f Chihuahuan endemism, in contrast to the distributional- 
based hypotheses of late Quaternary glacial/interglacial cycles determining population 
structure in arid-adapted birds (Hubbard 1974) and mammals (Findley 1969). Potential 
late Tertiary isolating events include both the continued uplifting of the Rocky Mountains 
as well as the formation of the Sierra Madre Occidental (Morafka 1977; Zweifel 1962). 
Grismer (1994) updated but corroborated the essence of Murphy's (1983) late Tertiary 
vicariant model for the origin of the Baja Peninsular desert herpetofauna. Hafner and 
Riddle (1997) reviewed evidence from mammals, reptiles, birds, invertebrates, and flora 
supporting an evolutionarily distinct Peninsular biota (e.g. area o f endemism. Figure 1).
Phenetic approaches to identifying areas of endemism and area-relationships have 
been criticized (Morrone and Crisci 1995) and several recent studies have used a cladistic 
approach (Parsimony Analysis of Endemicity) to either postulate areas of endemism 
(Morrone 1994) or analyze area-relationships among previously established areas of 
endemism (Cracraft 1991). PAE analysis of herpetofauna from the western deserts of 
North America is consistent with hypotheses of Peninsular and Chihuahuan areas of 
endemism (Figure 4). In particular, apomorphies represent unique or endemic taxa that 
help define spatial limits of areas of endemism (Morrone 1994).
Molecular phylogeographic data that can be used to test the generality of a 
vicariant model of North American arid biota evolution are available from several 
groups. Desert rodents representing the families Muridae and Heteromyidae demonstrate 
a complex layering of multiple vicariant isolation events (McKnight 1995; Riddle 1995).
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There is general support for the EASTERN, CENTRAL, and WESTERN regions 
delineated here, particularly for the CENTRAL/EASTERN split, but one notes shallow 
divergences or recent isolation of intra-specific CENTRAL/WESTERN desert rodent 
populations. Molecular data from arid-adapted reptiles such as desert tortoises 
{Xerotates agassizi) (Lamb, et al. 1989) and desert homed lizards (Phrynosoma 
platyrhinos) (Jones et al., unpubl. data) is also consistent with CENTRAL/WESTERN 
vicariant isolation by the Bouse Embayment. Two lizard species (desert iguanas- 
Dipsosaurus dorsalis and chuckwallas-Sauromalus obesus) demonstrate little divergence 
and no apparent phylogeographic structure (Lamb, et al. 1992). Under this scenario, the 
presence of high haplotype diversity and low intraspecific molecular divergence is 
consistent with either colonization by a large effective female population (Hewitt 1996) 
from a probable Baja source pool and/or the maintenance of gene flow across species’ 
distributions (Templeton et al). It is thus possible to examine phylogeographic structure 
within Crotaphytus in the context of both existing models of earth history and other 
empirical datasets of arid-dwelling taxa.
Regional Structure of Clades
This study provides the first molecular cladistic support for the specific and/or 
generic designations proposed by previous workers (McGuire 1996; Montanucci, et al. 
1975; Sanborn and Loomis 1979). In particular, the topology o f the neighbor-joining tree 
comprising all five species used in this study corresponds with that obtained previously 
by McGuire (1996). A molecular phylogeny of the Crotaphytidae that includes the other 
seven extant species is ongoing (McGuire, pers. comm.). One notes, however, the 
extremely large intergeneric divergences (=20-25%) between G. wislizeni and the four 
species of Crotaphytus used for this study. This level of divergence is consistent with a
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late Miocene-early Pliocene split hypothesized by Montanucci et al. (Montanucci, et al.
1975) and is consistent with the Pliocene fossil G. corona (Norell 1989).
Due to inaccessibility of sample localities and/or a lack of informative molecular 
data, previous studies (Chapters 2 and 3, Grismer 1994; Jones, et al. unpubl. data) were 
not able to assess the connectivity of the Baja PENINSULAR desert with the WESTERN 
and CENTRAL deserts of the North American mainland (Grismer 1994; Hafner and 
Riddle 1997). The demarcation of C. bicinctores (WESTERN) and C. vestigium 
(PENINSULAR) in close proximity to the San Gorgonio Constriction (Norris and Webb
1976) near Palm Springs, California has been previously noted (Grismer 1994; San bom 
and Loomis 1979). The large sequence divergences (=15%) between C  vestigium and C. 
bicinctores are consistent with Pliocene vicariant isolation. More C. vestigium  samples, 
including specimens from the core Baja distribution, are required to further assess 
alternative hypotheses of deep divergence such as possible ancestral polymorphism 
(Chapter 1, Figure 6B). Four unsampled species of Crotaphytus occur in close proximity 
to C  vestigium. Therefore a definitive statement of shared history between C. vestigium 
and C. bicinctores awaits molecular cladistic analysis of the genus (McGuire, pers. 
comm.).
Sequence divergences of approximately twelve percent between WESTERN (C. 
bicinctores) and CENTRAL (C. collaris + C  nebrius + CENTRAL C. bicinctores) 
Crotaphytus in the vicinity of the Bouse Embayment (Lucchitta 1979; Smith 1970) are of 
the same relative magnitude of those found between C. vestigium and C. bicinctores. 
Likewise, presence of CENTRAL and WESTERN Crotaphytus clades is consistent with 
data from desert tortises (Lamb, et al. 1989), homed lizards (Jones et al., unpubl. data) 
and desert rodents (McKnight 1995; Riddle 1995). Multiple sampling of populations 
within each region identified core suites of intra-regional haplotypes clearly divergent
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from the adjacent region, suggesting that a vicariant scenario is more plausible than 
undersampling of widespread ancestral polymorphisms.
Regional Structure within Clades
Crotaphytus collaris
This assemblage consists of the EASTERN (C. collaris from the Chihuahuan 
desert and Great Plains) and CENTRAL clades (C. collaris from the Sonoran and Mojave 
deserts along with the eastern Colorado Plateau arid region, C. nebrius from the Sonoran 
desert, and putative introgressed specimens of CENTRAL C. bicinctores). Divergences 
between EASTERN and CENTRAL C. collaris of 5-7% is consistent with a pattern of 
divergence previously observed in the desert rodents Onychomys torridus + O. arenicola, 
Perognathus apache + P.flavescens, and within Chaetodipus penicillatus (Riddle 1995; 
Riddle, et al. 1993). Intra-regional divergences were not significantly different across 
regions (Mann-Whitney U, Z=0.710) suggesting that the same types of population 
processes and structuring have remained in place following isolation, possibly due to the 
late Tertiary uplifting of the Sierra Madre Occidental (Morafka 1977; Zweifel 1962).
Two factors lend credibility to a Pliocene/early Pleistocene vicariant scenario (Figure 1, 
Morafka 1977; Riddle 1996). Sampling of 21 specimens from 12 localities within the 
EASTERN region versus 14 specimens from 7 localities from the WESTERN region 
revealed two reciprocally monophyletic lineages separated from each other by large 
sequence divergences across a known biogeographic barrier.
The 15% divergence between CENTRAL and WESTERN clades along with the 5- 
7% divergence between C. collaris and C. nebrius of the CENTRAL region is also 
consistent with a layered model of fragmentation of the southern Basin and Range 
province that probably postdates the Bouse Embayment. C. collaris and C. nebrius 
occur in different macrohabitats, with the former a grasslands/woodlands dweller and the
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latter typically found in more xeric warm deserts. Molecular data presented here is 
consistent with a hypothesis o f divergence between C. collaris and C. nebrius lineages 
resulting from ecological responses to the transition within the southern Basin and Range 
provinces from semi-arid savanna (C. collaris) to desert scrub or thorn scrub (C. nebrius). 
A later divergence during the early/mid Pleistocene between EASTERN and CENTRAL 
C. collaris populations from the Colorado Plateau and Great Plains is likewise consistent 
with molecular data from the similarly distributed pocket mice Perognathus apache and 
P.flavescens (Nickle 1994; Riddle 1995). More samples from the southern portion of C. 
nebrius' distribution as well as a better understanding of Crotaphytus molecular 
systematics are needed to further test this hypothesis.
The occurrence o f widespread haplotypes along with low overall haplotype and 
nucleotide diversity in the northern parts of Crotaphytus collaris' distribution are 
consistent with a late Pleistocene wave front' colonization by a small effective female 
population (Hewitt 1996). The Great Plains and Colorado Plateau are nonetheless 
associated with the EASTERN and CENTRAL regions respectively and thus separated 
from each other by approximately 6% sequence divergence. Therefore, it appears likely 
that northward range expansion/recolonization within C. collaris represents two 
independent invasions constrained by a pre-existing long-term regional population 
structure consistent with a mixed hierarchical' model (pers. comm.).
Molecular population structure within the Great Plains populations are consistent 
with Graham's (1986) hypothesis of western grassland-steppe species expanding their 
eastward distributions during the late Pleistocene. Compelling evidence o f this 
phenomena comes from the work of Hutchison et al. (pers. comm.). Whereas this study 
has strong samples in the CENTRAL and western portions o f the EASTERN region, 
Hutchison et al. has a core strength of the EASTERN region that extends into the Ozark
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glade populations. Using a combination of microsatellite nuclear DNA and mtDNA 
sequences, the authors found a gradient of decreasing diversity from the Chihuahuan 
desert (high) to the Ozarks (negligible diversity) that is consistent with both this dataset 
and Graham’s (1986) scenario o f eastward expansion.
The genetic similarity o f CENTRAL C. bicinctores to C. collaris could possibly 
represent an ancestral xeric phenotype (C. bicinctores ). Like the C. collaris/C. nebrius 
divergence mentioned earlier, the C. collaris phenotype may represent adaptations to 
woodlands/grasslands ecosystems. While McGuire (1996) considered C. bicinctores as 
recently derived, the C. bicinctores/C. collaris split is consistent with an east-west 
gradient observed in McGuire’s phylogenetic analyses. While I have considered the 
possibility of vicariant separation between C. bicinctores/C. vestigium, lower divergences 
between C. bicinctores and C  collaris with respect to C. vestigium warrants further 
reexamination of McGuire’s proposed sister-taxa relationship between C. bicinctores and 
the C. vestigium+C. insularis clade.
Another possible explanation for CENTRAL C. bicinctores is introgression 
between an original C. bicinctores phenotype being overlaid upon a C. collaris female 
mtDNA genotype. Introgression between Crotaphytus bicinctores and C. collaris has 
been previously documented (Axtell 1972; Montanucci 1983). These previous studies 
either utilized morphological characters (Axtell 1972) or first utilized morphological 
differences to identify the potential hybrid zone (Montanucci 1983). The five C. 
bicinctores of the CENTRAL clade are phenotypically indistinguishable from 
WESTERN C. bicinctores (McGuire, pers. obs.). So while not entirely surprising, the 
Sonoran C. bicinctores of the CENTRAL clade nevertheless represent the first example 
of cryptic introgression within this genus. Given the maternally inherited nature of 
mtDNA (Avise 1994; Avise, et al. 1987; Brown 1983; Brown 1985), an introgression
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event results in losing the signal o f the original maternal haplotype (Hewitt 1996; Moore 
1995; Smith 1992). Therefore, it may never be known when the original introgression 
occurred. Unlike the previously reported narrow hybrid zones for Crotaphytus (Axtell 
1972; Montanucci 1983), the CENTRAL C. bicinctores clade encompasses three 
localities across a 100km area of west-central Arizona and thus appears to represent a 
general phenomenon. Widespread introgression zones are thought to represent areas of 
low density or dispersal and may thus be stable and long-lived (Hewitt 1996). While 
probably a rare occurrence, evidence exists for introgression via 'mtDNA capture' in a 
variety of taxa (e.g. Table 7.4 of Avise 1994; Gyllensten and Wilson 1987; Smith 1992) 
Multiple analyses using different assumptions support the genetic association of the 
CENTRAL C. bicinctores with nearby CENTRAL C. collaris populations. It is unlikely 
that genetic drift alone was responsible for both the large divergences between 
CENTRAL and WESTERN C. bicinctores mtDNA sequence haplotypes and genetic 
similarity of CENTRAL C. bicinctores mtDNA haplotypes with those of CENTRAL C. 
collaris populations.
Studies of other lizard species (Chapters 2 and 3, Jones, et al. unpubl. data; Lamb, 
et al. 1992) have provided evidence of recent (e.g. Pleistocene) dispersal east and west of 
the present Colorado River. There is no a priori reason to believe that introgression was 
not reciprocal across species. That large populations swamp or minimize the effects of 
gene flow is well known (Hewitt 1996); but at the same time, hybridization is more likely 
to occur whenever one of the interbreeding species is rare (the Hubbs Principle' e.g.
Hubbs 1955; Sibley 1961). C. collaris from this area appear to be part of a larger 
neighboring CENTRAL clade that would eventually swamp out any C. bicinctores 
introgression, whereas the smaller effective population size of C. bicinctores resulted in 
conditions amenable to the retention of an introgressive signal. Additional sampling of
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both taxa from the CENTRAL region, along with analyses of nDNA are needed to 
determine the true extent and exact nature of this introgression zone.
Crotaphvtus bicinctores
Crotaphytus bicinctores from the WESTERN region displays large amounts of 
haplotype diversity and divergence (Table 14). Most of this genetic variation is 
contained in the WESTERN.south sub-region and is consistent with maintenance of large 
effective female populations. Contrasted with the WESTERN.south, the nearly complete 
lack of Crotaphytus bicinctores divergence and diversity within the 
WESTERN.northwest is noteworthy, especially considering that this latter region is 
nearly twice as large as the WESTERN.south. Expansion into the WESTERN.northwest 
probably represents good dispersal and colonization abilities that is consistent with 
Hewitt's (1996) pioneer' or 'wave front' model of a small founding population rapidly 
expanding its range and numbers and eventually swamping out the genetic signal of 
subsequent colonizers. Phrynosoma platyrhinos (Jones et al., unpubl. data) from this 
region contains both a WESTERN.northwest as well as a WESTERN.northeast clade that 
appear to represent independent late Pleistocene dispersal events originating from a large 
effective population within the WESTERN.south region. This scenario is consistent with 
CIS models of desert habitat during the last 18,000 years (Appendix E, Jones et al., 
unpubl. data). Assessment of northeastern expansion within WESTERN C. bicinctores 
awaits further sampling.
Summary
By directly comparing both C. collaris and C. bicinctores with sympatric species 
of arid-dwelling lizards, it becomes evident that while late Tertiary vicariant events have
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
58
defined core regional populations, taxon-specific life-history and ecological 
characteristics ultimately define intra-regional population structure. Crotaphytus thus 
demonstrates the recurring motif (e.g. Jones et al., unpubl. data; Riddle, 1995; 1996) of a 
mixed hierarchical model of geographical population structure. An overall synthesis of 
Crotaphytus biogeographical history for the western United States is given in Figure 19.
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Figure, Table, and Appendix Legends
Figure 7 Distribution of four species of Crotaphytus utilized for this study (from 
McGuire, 1996; Stebbins, 1985). Dots represent sample localities. Cb: C. bicinctores 
The three C. bicinctores surrounding the ’?' are putative introgressives. See text for 
further discussion of these specimens. Cc: C. collaris Cn C. nebrius Cv: C. 
vestigium. C. nebrius and C. vestigium were utilized as outgroups and/or to maintain 
biogeographic consistency with previous studies.
Figure 8 Sample localities for Crotaphytus used in this study. Black numbers: C. 
bicinctores Gray numbers: C. collaris Stippled boxes: C. bicinctores from the 
CENTRAL region. Gray/Black Boxes: C. nebrius and C. vestigium respectively. Each 
locality contained 1 to 5 individuals. Exact locality and specimen data are given in 
Appendix F.
Figure 9 Neighbor-joining tree o f entire Crotaphytus dataset, plus all samples used 
in a previous study of the sister genus Gambelia wislizeni (from Orange et al.. In prep.). 
Sequences were from the mtDNA C O m  gene and analyses were conducted under 
generalized weighting, using Tamura and Nei’s (1993) algorithm. Taxon labels 
correspond to species designation (see Figure 7 for coding, with GW  representing G. 
wislizeni) followed either by an LVT or full specimen number. Numbers represent 
bootstrap support out of 2000 replicates. Note the CENTRAL C. bicinctores nested 
within the C. collaris. All numbers refer to samples from the Las Vegas Tissue 
collection (LVT) unless otherwise noted. See Appendix B for further Crotaphytus 
specimen data and Appendix J for G. wislizeni specimen data.
Figure 10 Location of ND2/C0I restriction-site haplotypes for Crotaphytus 
bicinctores and C. collaris. Color coding follows that of Figure 8. C. nebrius, C. 
vestigium, and CENTRAL populations of C. bicinctores were not included in RFLP 
analyses. Restriction-site haplotypes can be cross-referenced with sample and locality 
data in Tables 5 and 11, Figure 8, and Appendix B.
Figure 11 UPGMA phenogram (Sneath and Sokal 1973) as generated from
RESTSITE V .  1.2 (Miller, 1991) for Crotaphytus collaris from mtDNA ND2/C0I 
restriction site data showing phylogeographic disjunctions and distance values. Nodes 
are labeled by County, State (restriction site haplotype). C: C. collaris from the 
CENTRAL region E: C. collaris from the EASTERN region. Information is given by 
County, State (Locality/RFLP haplotype). Localities and restriction site haplotypes can 
be cross-referenced with Table 5 and Appendix B.
Figure 12 Spatial localization of C. collaris haplotypes within and among the C:
CENTRAL and E: EASTERN regions. Numbers represent restriction site haplotypes 
(Table 5, Figure 10).
Figure 13 Plots of mtDNA COIII pair-wise sequence divergence by Ts: transitions,
Tv: transversions, and S: total substitutions for Crotaphytus collaris : A: C. collaris 
within EASTERN and CENTRAL regions B: C. collaris across EASTERN and 
CENTRAL regions and including C  nebrius (CENTRAL C. bicinctores are included 
with C. collaris CENTRAL samples C : C. collaris/C. nebrius versus WESTERN C. 
bicinctores and/or C. vestigium D: C. collaris versus Gambelia wislizeni
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Figure 14 mtDNA COIII sequence data for Crotaphytus collaris a: bootstrap 
consensus for neighbor-joining tree using Tamura-Nei’s (1993) algorithm with 2(K)0 
replicates (bold/above line=bootstrap value; italicslbeXow or inside line=standard errors 
derived from Kimura's (1980) 2 parameter distances) as implemented in MEGA vl.O 
(Kumar et al., 1993) b; Bootstrap consensus of 21 most parsimonious trees of 83 steps 
using 1000 replicates of the Branch and Bound algorithim of PAUP 3.1.1 (Swofford, 
1990). Numbered nodes represent percent support, g /  from 10,000 random trees: - 
0.51753, p<0.01. C: C. collaris, C. nebrius andC.bicinctores from the CENTRAL 
region. Ccb: C. bincinctores nested within the the CENTRAL C. collaris clade. E: C. 
collaris from the EASTERN region. C.vestigium from the PENINSULAR region was 
used as an outgroup, with C, bicnctores from the WESTERN region utilized to help 
shorten branch lengths (e.g. Felsenstein, 1978). Localities are by County, State 
(Locality/RFLP haplotype number).
Figure IS UPGMA phenogram (Sneath and Sokal 1973) as generated from
RESTSITE V .  1.2 (Miller, 1991) for Crotaphytus bicinctores from mtDNA ND2/C0I 
restriction site data showing phylogeographic disjunctions and distance values. W.nw:
C. bicinctores from the WESTERN.northwest region W.s: C. bincinctores from the 
WESTERN .south region. Coding and labelling otherwise follow that of Figure 11.
Figure 16 Spatial localization of C. bicinctores haplotypes within and among the
W.nw: WESTERN.northwest and W .s: WESTERN.south regions. Dashed arrow 
represents putative colonization of the WESTERN.northwest region from the 
WESTERN.south. Localities are by County, State (Locality/RFLP haplotype number) 
(Table 5, Figure 10).
Figure 17 Plots of mtDNA COIII pair-wise sequence divergence by Ts: transitions.
Tv: transversions, and S: total substitutions for Crotaphytus bicinctores : A: WithinC. 
bicinctores B: C. bincinctores versusC. collaris (inluding CENTRALC. bicinctores)
C: C. bincinctores versusC. vestigium D: C. bicinctores versusGambelia wislizeni
Figure 18 a: C. bicinctores bootstrap consensus for neighbor-joining tree using 
Tamura-Nei’s (1993) algorithm with 2000 replicates (bold/above line=bootstrap value; 
italics/helow or inside line=standard errors derived from Kimura's (1980) 2 parameter 
distances) as implemented in MEGA vl.O (Kumar et al., 1993) b: C. bicinctores 
bootstrap consensus of 1000 replicates using the Branch and Bound algorithim of PAUP 
3.1.1 (Swofford, 1990).There were 2 most parsimonious trees o f 71 steps, g l  from 
10,000 random trees: -0.792512, p<0.01. C. vestigium was used as an outgroup, with 
representatives from C. collaris (CC prefix) and C. nebrius (CN prefix) utilized to help 
shorten branch lengths (e.g. Felsenstein, 1978). Localities are by County, State (RFLP 
haplotype number) or in the case of non-C. bicinctores by catalog number (e.g. Appendix 
F).
Figure 19 Area cladogram for Crotaphytus consistent with a  mixed hierarchical 
model of Pliocene vicariant isolation spatially constraining subsequent molecular 
population structure. Symbols represent Pliocene/early Pleistocene events that may have 
isolated adjacent regional populations: 1: San Gorgonio constriction-PENINSULAR 
and 1VESTERN regions 2: Bouse Embayment-WESTERN and CENTRAL regions 3: 
Uplifting of the southern Rocky Mountains and/or Sierra Madre Occidentals-CENTRAL 
and EASTERN regions. Shaded triangle represents subtructuring within the WESTERN 
region that is consistent with late Pleistocene distributional fluctuations. W.ne: 
WESTERN.northeast W.nw: WESTERN.northwest W.s: WESTERN.south Dashed
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lines: Tentative phylogenetic positions of C.vestigium, C. nebrius and 
WESTERN.northeast C. bicinctores consistent with Grismer's (1994) northern Pliocene 
vicariant complex, McGuire's (1996) morphological phylogeny, Phrynasoma platyrhinos 
biogeography respectively, as well as Riddle's (Figure 1, pers. comm.) geological area 
cladogram.
Table 3 Summary of previous biogeographic hypotheses (and phylogenies where 
appropriate) for Crotaphytus.
Table 4 Summary of Crotaphytus sequence divergences from mtDNA COIII data 
. (Appendix G) using Tamura and Nei's (1993) algorithm as implemented in MEGA v 1.0 
(Kumar et al., 1993). Upper diagonals: Interspecific divergences Lower diagonals: 
intraspecific divergences. Numbers represent average or mean divergences across 
species with maximum and minimum divergences in parentheses. CB: Crotaphytus 
bicinctores CC: C. collaris CB central: C. bicinctores from the CENTRAL region. 
CN: C. nebrius. CV: C.vestigium  GW: Gambelia wislizeni. An exemplar sequence 
(LVT-2289) was used for G.wislizeni. See Table 34, Chapter 3 for full G. wislizeni 
information.
Table 5 Restriction site matrix for Crotaphytus collaris used in intra-regional 
analyses including localities (Figures 8 and 10) of haplotypes. Restriction site characters 
are given in binary form where l=present and 0=absesent. Enzyme Bspl2S6  was 
invariant and not included in these analyses. Only variable, non-autopomorphic sitese are 
shown. See Appendix B for specimen information.
Table 6 Frequencies of Crotaphutus collaris mtDNA N D 2/C0I restriction site
haplotypes. Frequencies are given as percentages of total animals per county. See 
Appendix B for specimen information.
Table 7 Distance matrix of Crotaphytus collaris: mtDNA ND2/C0I restriction site
data obtained from the algorithm of Nei and Miller (1990) as implemented in RESTSITE 
vl.2 (Miller, 1991). Sequence divergence among haplotypes ranged from nearly 
identical (widespread Great Plains haplotype 2 and haplotypes 17, 18, and 19 from 
Hudspeth County, TX) to 7.8% (Yavapai County, AZ haplotype 10 and the widespread 
Great Plains haplotype 2). Restriction-site haplotypes can be cross-referenced with 
sample and locality data in Table 5, Figure 10, and Appendix B.
Table 8 Summary of haplotype diversity, nucleotide diversity and nucleotide
divergences for C. collaris within and among the EASTERN and CENTRAL clades.
Data obtained from mtDNA ND2/C0I restriction site data as generated from REAP v4.0 
(McElroy et al. 1991).
Table 9 Upper diagonals: Summary of nucleotide substitutions from a 417bp 
stretch of the mtDNA COIII gene of Crotaphytus featuring the EASTERN and 
CENTRAL clades of C. collaris, C. nebrius andC.bicinctores. Pair-wise comparisons 
include transition/transversion ratios, total transitions, total transversions, total 
substitutions, and total base pairs compared using Tamura and Nei's (1993) algorithm as 
implemented in MEGA v.1.0. (Kumar et. al., 1993). Lower Diagonals: Distance matrix 
of mtDNA c o m  nucleotide sequence data as obtained from the algorithm of Tamura and 
Nei (1993) as implemented in MEGA vl.O (Kumar era/. 1993). Minimum non-zero 
pair-wise divergence was 0.5% (again, between Maricopa County, Arizona restriction 
site haplotype 5 and San Juan County, UT representing Colorado Plateau haplotype 7).
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Maximum pair-wise divergence was 6.4% (again, between Mohave County, AZ. 
haplotype 6 and Lincoln County, NM. haplotype 12) (Table 6). Including the Sonoran C. 
bicinctores and C  nebrius, maximum divergence was 7.4% (between C. nebrius and 
Lincoln County, NM. haplotype 12). Specimen information is by County, State 
(Locality, restriction site Hapltoype) for C. collaris. See Figures 8 and 10, along with 
Appendix B for locality and restriction site haplotype information.
Table 10 Intraclade divergences for Crotaphytus mtDNA COIII sequence data
from the EASTERN and CENTRAL regions. UPPER diagonals: Comparisons across 
species/clades. LOWER diagonals: Comparisons within clades. Data coding and 
abbreviations follow that of Table 4.
Table 11 Restriction site matrix for Crotaphytus bicinctores used in intraregional
analyses including localities (Figures 26 and 28) of haplotypes. Restriction-site 
characters are given in binary form where l=present and 0=absesent. Enzymes Bstul, 
Hhal, Hincü, and Mspl were either invariant or apomorphic and not included in these 
analyses. Only variable, non-autopomorphic sitese are shown. See Appendix B for 
specimen information.
Table 12 Frequencies of Crotaphutus bicinctores mtDNA ND2/COI restriction site
haplotypes. Frequencies are given as percentages of total animals per county. See 
Appendix B for specimen information.
Table 13 Distance matrix of Crotaphytus bicinctores: mtDNA N D 2/C0I restriction
site data obtained from the algorithm of Nei and Miller (1990) as implemented in 
RESTSITE v l.2  (Miller, 1991). Sequence divergence among haplotypes ranged from 
0.5% (WESTERN.northwest haplotypes 1/2 that varied by one apomorphic site in 
haplotype 2) to 5.3% (WESTERN.south haplotypes 7 and 11 from Kane County, UT. and 
Inyo County, CA. respectively). Restriction-site haplotypes can be cross-referenced with 
sample and locality data in Table 5, Figure 10, and Appendix B.
Table 14 Summary of haplotype diversity, nucleotide diversity and nucleotide
divergences for C. bicinctores within and among subclusters of the WESTERN clade.
Data obtained from mtDNA ND2/C0I restriction site data as generated from REAP v4.0 
(McElroy et al. 1991).
Table 15 Upper diagonals; Summary of nucleotide substitutions from a 417bp
stretch of the mtDNA COIII gene of Crotaphytus, featuring C. bincinctores. Pair-wise 
comparisons include transition/transversion ratios, total transitions, total transversions, 
total substitutions, and total base pairs compared using Tamura and Nei's (1993) 
algorithm as implemented in MEGA v. 1.0. (Kumar et. al., 1993). Lower Diagonals; 
Distance matrix of mtDNA COIII nucleotide sequence data as obtained from the 
algorithm of Tamura and Nei (1993) as implemented in MEGA vl.O (Kumar era/. 1993). 
Minimum non-zero pair-wise divergence was 3.4% (between Clark County, Nevada 
haplotype 10 versus both Clark County Nevada haplotype 6 and Harney County, Oregon 
haplotypes 1 and 2). Maximum pair-wise divergence within WESTERN C. bicinctores 
was 4.8% (between San Bernardino County, California haplotype 5 and the Harney 
County, Oregon haplotypes). Specimen information is by County, State (Locality, 
restriction site Hapltoype) for C. collaris. See Figures 8 and 10, along with Appendix B 
for locality and restriction site haplotype information.
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A ppendix B Crotaphytus specimens examined for this study. JA M : Tissue
from the collection of J. McGuire. JR M : Tissue obtained by Joseph Mendelson and 
deposited in the Departamento de Biologia Animal at the Universidad de Salamanca, 
SPain LVT: Las Vegas Specimens and tissues housed at the Molecular Systematics 
Laboratory at the University of Nevada. Las Vegas. LSUMZ: Tissues from Lousiana 
State University Museum of Zoology. NK: Tissue from Museum of Southwestern 
Biology, Albuquerque, New Mexico. ÜTEP: Tissues from University of Texas, El 
Paso.Further locality information is available upon request. See Chapter 3 for Gambelia 
wislizeni information.
Appendix C Distance matrix for Crotaphytus mtDNA COIII sequence data. Methods 
as per Tables 21 and 27. Data for the full Gambelia wislizeni dataset can be obtained 
from Table 9. The combined Crotaphytus/Gambelia data matrix is available upon 
request. Taxon lablels are taxon code followed either by an LVT number or a full 
museum number. CB: C. bicinctores CC: C. collaris CN: C. nebrius CV: C. 
vestigium G W : Gambelia wislizeni. See Appendix B for full specimen information.
Appendix D Aligned sequence data for all Crotaphytus used in this study from a 417bp 
stretch of the mtDNA COÊI gene. Samples represent 1-5 individuals per locality. This 
excludes all but one of the Gambelia wislizeni samples used in Chapter 3. The full 
matrix is available upon request. Taxonomic abbreviations follow table Table 4 and 
Appendix C. See Appendix B for specimen information, including tissue sources.
Appendix E Map of the Great Basin showing major vegetational types.
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Figure 7 Distribution of Crotaphytus with sample localities used 
in this study
»,
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FIGURE 9 Neighbor-joing tree o f mtDNA COIII Crotaphytid sequences
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Figure 10 Crotaphytus restriction-site haplotype localities
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Figure 11 Crotaphytus collaris mtDNA ND2/C0I UPGMA phenogram
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Figure 13 Crotaphytus collaris mtDNA COIII pair-wise sequence divergences 
by substitution category
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Figure 14b Branch and bound bootstrap consensus for EASTERN and 
CENTRAL Crotaphytus mtDNA COIII sequences ^
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Figure 19 Biogeographic area cladogram for Crotaphytus
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Table 3 Summary of previous biogeographic hypotheses for Crotaphytus
A u th o r(s ) P h y lo g e n y
Fitch & Tanner( 1951 ) ((C.c.a +C.c.b)+C.c.c))
Ingram & Tanner ( 1971 ) ((C.c.f.(C.c.b.(C.c.a)))+C.c.c)
Axtell (1972) C.i.b. X C.c
Smith & Tanner (1974) ((((C.i.i.(C.i.v.)+(C.c.d.(C.c.b.)))+(C.c.f.(C.c.c(C.c.b.(C.c.a.)))))
Montanucci et al. (1975) ((C.i.b.(C.i.v.(C.i.i.)))+(C.r.(C.d.(C.c.ssp.(C.c.f.(C.c.b.(C.c.c.))))))))
Montanucci (1983) C.i.b. X C.c.b.
Murphy (1983) C.C., C.i considered, no phylogeny given
Grismer(1994) C.i.(v.?), C.b. considered, phylogenies based on other work
McGuire (1996) (C.r.(C.a.((C.c.+C.n.)(C.d.(C.g.(C.b.(C.i.+C.v.)))))))
A u th o r(s ) B io g e o g ra p h y
Fitch & Tanner( 1951) distribution
Ingram & Tanner (1971) Mexican origin; Pleistocene S->N dispersal;Colorado R iver barrier
Axtell (1972) C.i.b. X C.c. during Pleistocene in N. arizona
Smith & Tanner (1974) Reiterate I&T('71) w/ c.c.b. in G.B. Pleistocene
Montanucci et al. (1975) Pliocene orgin of genus w/ Pleistocene diversification
Montanucci (1983) none given
Murphy (1983) E-W Transpeninsular XerophilicrSan Gorgonio/Pliocene 5mya
Grismer(l994) Northern Pliocene Vicariant complex/late Pliocene
McGuire (1996) Summarize above works
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Table 4 mtDNA COIII intra- and inter-specific divergences of Crotaphytus examined for this study
CB CC_________ CB central_________ ÇN____________ CV GW
CB 
CC
CB central 
CN 
CV
GW see ch. 3
4.2(3.4-5.0) 112.7(10.4-16.0) 12.9(11.6-14.5) 10.2(9.5-11.2) 15.7(14.2-16.6) 25.8(23.9-26.9) 
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T a b le  6  Frequency of Crotaphytus collaris restriction site haplotypes by county
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Table 7 Crotaphytus collaris  m tD N A  N D 2 /C O I  r e s tr ic t io n -s ite  d is ta n c e  m atr ix
C/)(A
o"3
O
8
3.
3"
CD
CD"O
O
Q .
C
aO
3
■D
O
CD
Q .
■D
CD
C / )
C / )
(Locality, Haplotypc) (5,1) (6,16) (1.2) (1.3) (15.7) (8,11) (9,8) (4,17) (4,18)
County, State (L,H) Dona Ana, NM Doha Ana, NM Geary, Ks Geary, Ks Grand, UT Grant, NM Hidalgo, NM Hudspeth, TX Hudspeth, TX
Dona Ana, NM (6,16) 0.036483
Geary, KS ( 1,2) 0.022415 0.032132
Geary, KS(1,3) 0.026419 0.035923 0.004573
Grand, UT (15,7) 0.035923 0.067534 0.063135 0.057281
Grant, NM (8,11) 0.008519 0.026724 0.013146 0.017354 0.045909
Hidalgo, NM (9,8) 0.004144 0.040779 0.026724 0.03057 0.03057 0.012698
Hudspeth, TX (4,17) 0.013146 0.042342 0.018049 0.022219 0.052082 0.022415 0.017416
Hudspeth, TX (4,18) 0.022415 0.032132 0.008821 0.013197 0.063135 0.013146 0.026724 0.008821
Hudspeth, TX (3,19) -0.090745 -0.061875 -0.078488 -0.074568 -0.050926 -0.080138 -0.090745 -0.100081 -0.089578
San Juan, UT (14,7) 0.035923 0.067534 0.063135 0.057281 0 0.045909 0.03057 0.052082 0.063135
Lincoln, NM (10,12) 0.021632 0.030979 0.026724 0.03057 0.050151 0.012698 0.025795 0.036483 0.026724
Luna, NM (7,8) 0.004144 0.040779 0.026724 0.03057 0.03057 0.012698 0 0.017416 0.026724
Luna, NM (7,11) 0.008519 0.026724 0.013146 0 .0 1 7 3 5 4 0.045909 0 0.012698 0.022415 0.013146
Maricopa, AZ (17,4) 0.03057 0.060718 0.056426 0.050812 0.004102 0.040119 0.025525 0.045909 0.056426
Maricopa, AZ (17,5) 0.031677 0.063135 0.058681 0.052828 0.004242 0.041615 0.035923 0.047683 0.058681
Mohave, AZ(21,6) 0.041615 0.063135 0.07033 0.064218 0.004242 0.052082 0.035923 0.058681 0.07033
Navajo, AZ(13,7) 0.035923 0.067534 0.063135 0.057281 0 0.045909 0.03057 0.052082 0.063135
Oklahoma, OK (2,2) 0.022415 0.032132 0 0.004573 0.063135 0.013146 0.026724 0.018049 0.008821
Oklahoma, OK (2,13) 0.017416 0.036483 0.004287 0.00869 0.056426 0.008519 0.021632 0.022415 0.013146
San Juan, NM (12,14) 0.020758 0.048362 0.044265 0.03908 0.012169 0.029539 0.016245 0.034673 0.044265
Socorro, NM (11,15) 0.013051 0.040583 0.036379 0.04109 0.04109 0.021827 0,008656 0.026824 0.036379
Yavapai, AZ(16,4) 0.034673 0.054343 0.060718 0.055103 0.008158 0.044265 0.029539 0.050151 0.060718
Yavapai, AZ(16,9) 0.03057 0.060718 0.056426 0.050812 0.004102 0.040119 0.025525 0.045909 0.056426
Yavapai, AZ( 16,10) 0.045909 0.067534 0.074842 0.068733 0.008435 0.056426 0.040119 0.063135 0.074842
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T a b le  7 continued
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(3.19) (14.7) (10.12) (7.8) (7.11)
Hudspeth. TX San Juan. UT Lincoln. NM Luna. NM Luna. NM
(17,4) (17.5) (21.6) (13.7) (2.2) (2.13)
Maricopa, AZ Maricopa, AZ Mohave. AZ Navajo, AZ Oklahoma, OK Oklahoma. OK
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-0.050926
-0.06426 0.050151
-0.090745 0.03057 0.025795
-0.080138 0.045909 0.012698 0.012698
-0.058416 0.004102 0.044265 0.025525 0.040119
-0.050926 0.004242 0.045909 0.035923 0.041615 0.008435
-0.055745 0.004242 0.056426 0.035923 0.052082 0.008435 0.008731
-0.050926 0 0.050151 0.03057 0.045909 0.004102 0.004242 0.004242
-0.078488 0.063135 0.026724 0.026724 0.013146 0.056426 0.058681 0.07033 0.063135
-0.080138 0.056426 0.021632 0.021632 0.008519 0.050151 0.052082 0.063135 0.056426 0.004287
-0.071863 0.012169 0.033508 0.016245 0.029539 0.007899 0.016678 0.016678 0.012169 0.044265 0.038728
-0.080325 0.04109 0.02591 0.008656 0.021827 0.035743 0.046764 0.046764 0.04109 0.036379 0.030993
-0.053787 0.008158 0.038728 0.029539 0.044265 0.003972 0.01258 0.01258 0.008158 0.060718 0.054343
-0.058416 0.004102 0.044265 0.025525 0.040119 0 0.008435 0.008435 0.004102 0.056426 0.050151
-0.050926 0.008435 0.060718 0.040119 0.056426 0.01258 0.01302 0.004242 0.008435 0.074842 0.067534
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(12,14) (11,15)
o  San Juan, NM Socorro, NM Yavapai, AZ Yavapai, AZ
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T a b le  8  Crotaphytus collaris regional population structure
i  Region Desert Localities Haplotype Diversity Nucleotide Diversity Nucleotide Divergence
1' Within Regions
0 EASTERN
1  CENTRAL
8
^  across regions
CO
Plains, Chihuahuan 
Sonoran, Col. Plat.
1 thru 11 
12 thru 17,21
0.9421 +/-0.03179 
0.8718+/- 0.06696
0.061967
0.031886
0.293767 0.246841
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T a b le  9  Summary of Crotaphytus collaris mlDNA COlIl sequence substitutions and divergences
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CD
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C
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County, State (L,H) C  bicinctores Geary, KS Dona Ana, NM Hidalgo, NM Lincoln, NM
C. hicinctores (2,1) 12.6-26-10-36-347 2.8-28-10-38-347 2.7-27-10-37-347 2 .3 -25-11-36-347
Geary, KS  (1,3) 0 .1145 1 '-4 -0 -4 -347 *-5-0-5-347 11.0-11-1-12-347
Dona Ana, NM (5,1) 0 .122 0 .0 1 1 7 1 *-3-0-3-347 11.0-11-1-12-347
Hidalgo, NM (9,8) 0 .1187 0 .0 1 4 7 0 .0088 110.0-10-1-11-347
Lincoln, NM (10,12) 0.1141 0 .0 3 5 9 0 .0359 0 .0327
Socorro, NM (11,15) 0 .1075 0 .0296 0 .0296 0 .0266 0 .0 1 1 7
Hudspeth, TX (4/18) 0 .1249 0.0147 0 .0208 0 .0177 0.0331
Maricopa, AZ (17,5) 0 .1145 0 .0512 0 .0512 0 .0543 0 .0 5 1 3
Mohave, AZ (21,6) 0 .1072 0 .0513 0 .0578 0 .0609 0 .064
San Juan, UT (14/7) 0 .108 0.0451 0.0451 0 .0482 0 .0512
Maricopa, AZ-Cb ( 18,n/a) 0 .1143 0 .0513 0 .0513 0 .0544 0 .0576
La Paz, AZ-Cb (I9,n/a) 0 .1139 0 .064 0.064 0 .0673 0 .0643
Maricopa, AZ-Cb (20,n/a) 0 .1103 0 .0 5 4 3 0 .0543 0.0575 0 .0545
C. nebriiisl -Maricopa, AZ (na,na) 0 .1038 0 .0 6 1 3 0 .0675 0 .0644 0.0741
C. nebriusZ -Maricopa, AZ (na,na) 0.1071 0 .0 6 4 4 0 .0 7 0 6 0 .0 6 7 5 0 .0 7 0 9
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T a b le  1 0  Intra- and inter-clade mtDNA COIII divergences for EASTERN and CENTRAL Crotaphytus
CA
CA
o'3
3"
CD
8
c5'
CC eastern CC central CC total CB central CN
CC eastern 2.4 (0.7-3.8) |5 .2  (3.7-6.2) - 6.2 (4.9-7.8) 6.8 (6.2-7.4)
CC centrai 1.0 (.7-1.1) 1 2.1 (1.5-3.4) 4.5 (3.8-5.0)
CC total 3.7 (.7-6.2) " l4 .8  (1.5-7.8) 6.0 (3.B-7.4)
CB central 1.2 (.7-1.5) l s  9 (S.4-6.2)
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Table 11 Crotaphytus bicinctores m tD N A  N D 2 /C O I  r e s tr ic tio n -s ite  m atrix
Haplotype L o c a l i t ie s  S a m p le s
1
2
3
4
5
6
7
8 
9
10
11
12
G ro u p  1 :
De s e r t R e g io n
1 -5
2 ,3
7
8
9
10 
6 
6 
12  
11 
13 
10
G r o u p l
6 7 7 ,2 2 2 7
716
717
718
2 2 1 8 , 2257
2 2 3 6
2237  
2244  
2249  
2 2 5 2  
2263
G r e a t  B a s i n
G r e a t  B a s in
M o ja v e
M o ja v e
M o ja v e
Moj a v e
M o ja v e
M o ja v e
Mojave
M o ja v e
M o ja v e
M o ja v e
WESTERN
WESTERN
WESTERN
WESTERN
WESTERN
WESTERN
WESTERN
WESTERN
WESTERN
WESTERN
WESTERN
WESTERN
n o r t h w e s t
n o r t h w e s t
s o u t h
s o u t h
s o u t h
south
s o u t h
s o u t h
s o u t h
s o u t h
s o u t h
s o u t h
B
S
P H
1 D 2 M R T
2 d n b s a
8 e f o a Q
6 I I I I I
00 0 1112 22 3 3
12 5 6780 23 1 5
11 0 1100 00 1 0
11 0 1100 00 1 0
00 0 00 1 1 00 1 1
01 0 1 1 1 0 11 1 1
01 0 1110 11 1 1
11 1 1 1 1 0 00 0 1
00 0 1110 01 0 0
00 0 1 0 1 0 01 0 0
01 0 11 1 0 00 1 1
01 0 0011 00 1 0
11 0 0011 00 1 1
00 1 1 1 1 0 00 0 1
6 5 0 , 6 5 1 , 6 7 5 , 6 7 6 , 2 2 2 6 , 2 2 2 8 , 2 2 2 9 , 2 2 3 0 , 2 2 3 1 , 2 2 3 2 , 2297
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Table 12 F r e q u e n c y  o f  Crotaphytus bicinctores r e s tr ic tio n -s ite  h a p lo ty p e s  b y  c o u n ty
Regiion
Western,
Western,
Western.
Western.
Western.
Western.
Western.
Western
Western
Western.
northwest
northwest
northwest
northwest
northwest
south
south
south
south
south
Regional
Desert State _Counl^
Great Basin 
Great Basin 
Great Basin 
Great Basin 
Great Basin 
Mojave 
Mojave 
Mojave 
Mojave 
Mojave
Idaho
Oregon
Nevada
California
Nevada
California
California
Nevada
Arizona
Utah
Owyhee
Harney
Churchill
Lassen
Esmeralda
Inyo
San Bernardino 
Clark 
Mohave 
Kane
RFLP Haplotype Number 
1 2 3 4 5 6 10  11 12
LOG
0.80
0.67
1.00
1.00
0.20
0.33
0.50 0.50 _ _
0.33 0.33 0.33 _ 
0.50 _ _ _  0.25
_ _ _  1.00 _
0.25
1.00
Sample
Size
1
5
3
2
2
2
3
4 
1 
I
24
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Table 13 Crotaphytus bicinctores m tD N A  N D 2 /C 0 1  r e s tr ic tio n -s ite  m atr ix
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(Locality, Haplotype) (3.1) (3.2) (10,6) (11.10) (10,12) (5,1) (2.1) (2,2) (6,7)
County, State (L,H) Churchill, NV Churchill, NV Clark, NV Clark, NV Clark, NV Esmeralda, NV Harney, OR Harney, OR Inyo, CA
Churchill, NV (3,2) 0 .004904
Clark, NV (10,6) 0 .014678 0.018863
Clark, NV (11,10) 0 .029969 0.034155 0 .035906
Clark, NV (10,12) 0 .041058 0.044979 0 .009706 0 .052803
Esmeralda, NV (5,1) 0 0 .004904 0 .014678 0 .029969 0 .041058
Harney, OR (2,1) 0 0 .004904 0 .01 4 6 7 8 0 .029969 0 .041058 0
Harney, OR (2,2) 0 .004904 0 0 .0 1 8 8 6 3 0 .034155 0 .0 4 4 9 7 9 0 .004904 0 .004904
Inyo, CA (6,7) 0 .02515 0.02953 0 .020349 0 .036182 0.02515 0.02515 0.02515 0 .02953
Inyo, CA (6,8) 0 .031236 0 .035547 0 .02 6 4 1 2 0 .031236 0 .031236 0 .031236 0 .031236 0 .035547 0 .00497
Kane, UT(13,11) 0 .034721 0.038721 0.024351 0 .024166 0.034721 0.034721 0.034721 0.038721 0 .052803
Lassen, CA (4,1 ) 0 0.004904 0 .014678 0 .029969 0 .041058 0 0 0 .004904 0 .02515
Mohave, AZ ( 12,9) 0 .024166 0.028414 0.024351 0.034721 0 .0 4 5 8 6 7 0 .024166 0 .0 2 4 1 6 6 0 .0 2 8 4 1 4 0 .029969
Owyhee, ID (1,1) 0 0 .004904 0 .014678 0 .029969 0 .041058 0 0 0 .0 0 4 9 0 4 0 .02515
San Bernardino, CA (7,3) 0 .024166 0.028414 0 .035008 0 .045867 0 .04 5 8 6 7 0 .024166 0 .024166 0 .0 2 8 4 1 4 0 .029969
San Bernardino, CA (8,4) 0 .044033 0.047683 0 .044072 0 .055287 0 .0 6 7 2 0 6 0 .0 4 4 0 3 3 0 .0 4 4 0 3 3 0 .0 4 7 6 8 3 0 .03 9 4 0 9
San Bernardino, CA (9,5) 0 .023257 0 .02738 0 .023108 0 .033376 0 .044033 0 .023257 0 .0 2 3 2 5 7 0 .02738 0 .01873
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Table 14 S u m m a r y  o f  g e o g r a p h ic  p o p u la tio n  stru ctu re w ith in  W E S T E R N  Crotaphytus bicinctores
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Desert Localities Haplotype Diversity Nucleotide Diversity Nucleotide Divergence
Within Regions
WEST.northwest Great Basin 1 thru 5 0.2821 +/- 0.14166 0
WEST.south Mojave 6 thru 13 0.9778 +/- 0.05400 0.158116
across regions 0.180469 0.101411
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Table 15 S u m m a r y  o f  Crotaphytus bicinctores m tD N A  C O III  s e q u e n c e  su b s t itu t io n s  an d  d iv e r g e n c e s
County, Slate (L.H)
San Bernardine, CA (9,5) 
Clark, NV (10,6)
Harney, OR (2,1)
Hamey, OR (2,2)
Clark, NV (11,10) 
C.collaris (Eastern) 
C.collaris (Western)
C. nebrius 
C. vestigium
S an B ern a td in o ^^^  Clark, NV (10,6) Harney, OR (2,1) Harney, OR (2,2)
5.0-10-2-12-304 13.0-13-1 -14-347
0.0411 ■ l 3 £ ^
0.0484 0.041
0.0484 0.041 0
0.0412 0.0339 0.0344
0.1289 0.1379 0.1327
0.129 0.1289 0.1164
0.1202 0.1128 0.1122
0.1568 0.1609 0.1608
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3.0-9-3-12-304 
-0-0-0-347
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0.1164 
0.1122 
0.1608
Clark, NV (11,10)
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4.0-8-2-10-304 
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5-9-2-11-347
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0.1038 
0.1434
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Species
Locality
Number
Haplotype
Number Specimen State County Region
C. bicinctores 5 1 LVT-00650 NV Esmeralda WEST.northwest
C. bicinctores 5 I LVT-00651 NV Esmeralda WEST.northwesi
C. bicinctores 3 1 LVT-00676 NV Churchill WEST.northwest
C. bicinctores 3 2 LVT-00677 NV Churchill WEST.northwest
C. bicinctores 7 3 LVT-00716 CA San Bernardino WEST.south
C. bicinctores 8 4 LVT-00717 CA San Bernardino WEST.south
C. bicinctores 9 5 LVT-00718 CA San Bernardino WEST.south
C. bicinctores 18 n/a LVT-02217 AZ Maricopa CENTRAL
C. bicinctores 10 6 LVT-02218 NV Clark WEST.south
C. bicinctores 2 1 LVT-02226 OR Harney WEST.northwest
C. bicinctores 2 2 LVT-02227 OR Harney WEST.northwest
C. bicinctores 2 1 LVT-02228 OR Harney WEST.northwest
C. bicinctores 2 1 LVT-02229 OR Harney WEST.northwest
C. bicinctores 2 1 LVT-02230 OR Harney WEST.northwest
C. bicinctores 4 1 LVT-02231 CA Lassen WEST.northwest
C. bicinctores 4 1 LVT-02232 CA Lassen WEST.northwest
C. bicinctores 6 7 LVT-02236 CA Inyo WEST.south
C. bicinctores 6 8 LVT-02237 CA Inyo WEST.south
C. bicinctores 18 n/a LVT-02239 AZ Maricopa CENTRAL
C. bicinctores 18 n/a LVT-02240 AZ Maricopa CENTRAL
C. bicinctores 12 9 LVT-02244 A Z Mohave WEST.SOUTH
C. bicinctores 11 10 LVT-02249 NV Clark WEST.SOUTH
C. bicinctores 13 11 LVT-02252 UT Kane WEST.SOUTH
C. bicinctores 10 6 LVT-02257 NV Clark WEST.SOUTH
C. bicinctores 10 12 LVT-02263 NV Clark WEST.SOUTH
C. bicinctores 19 n/a LVT-02270 AZ La Paz CENTRAL
C. bicinctores 20 n/a LVT-02275 AZ Maricopa CENTRAL
C. bicinctores 1 1 LVT-02297 ID Owyhee WEST.northwest
C. collaris 5 1 LVT-02220 NM Dona Ana EASTERN
C. collaris 5 1 LVT-02221 NM Dona Ana EASTERN
C. collaris 1 2 JRM-3995 KS Geary EASTERN
C. collaris 1 3 LVT-02234 KS Geary EASTERN
C. collaris 1 2 JRM-3997 KS Geary EASTERN
C. collaris 17 4 LVT-02241 AZ Maricopa CENTRAL
C. collaris 17 5 LVT-02242 AZ Maricopa CENTRAL
C. collaris 17 5 LVT-02243 AZ Maricopa CENTRAL
C. collaris 21 6 LVT-02250 AZ Mohave CENTRAL
C. collaris 15 7 LVT-02251 UT Grand CENTRAL
C. collaris 14 7 LVT-02254 UT San Juan CENTRAL
C. collaris 14 7 LVT-02255 UT San Juan CENTRAL
C. collaris 9 8 LSUMZ-48834 NM Hidalgo EASTERN
C. collaris 7 8 LSUMZ 48838 NM Luna EASTERN
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C. collaris
I continued
16 9 LVT-02277 AZ Yavapai CENTRAL
C. collaris 16 4 LVT-02278 A Z Yavapai CENTRAL
C. collaris 16 4 LVT-02279 A Z Yavapai CENTRAL
C. collaris 16 10 LVT-02280 A Z Yavapai CENTRAL
C. collaris 7 11 LVT-02285 NM Luna EASTERN
C. collaris 10 12 LVT-02286 NM Lincoln EASTERN
C. collaris 2 2 LVT-02298 OK Oklahoma EASTERN
C. collaris 2 13 LVT-02299 OK Oklahoma EASTERN
C. collaris 2 13 LVT-02300 OK Oklahoma EASTERN
C. collaris 2 2 LVT-02301 OK Oklahoma EASTERN
C. collaris 13 7 LVT-02302 AZ Navajo CENTRAL
C. collaris 12 14 LVT-02306 NM San Juan CENTRAL
C. collaris 11 15 NK 18863 NM Socorro EASTERN
C. collaris 6 16 LVT-02323 NM Dona Ana EASTERN
C. collaris 8 11 LVT-02325 NM Grant EASTERN
C. collaris 4 17 UTEP-16007 TX Hudspeth EASTERN
C. collaris 4 17 UTEP-16008 TX Hudspeth EASTERN
C. collaris 4 18 UTEP-16009 TX Hudspeth EASTERN
C. collaris 3 19 UTEP-16006 TX Hudspeth EASTERN
C. nebrius n/a n/a JAM-663 AZ Maricopa CENTRAL
C. nebrius n/a n/a J/VM-664 AZ Maricopa CENTRAL
C. vestigium n/a n/a JAM-634 CA San Diego WEST.south
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Appendix C m tD N A  C O III p a ir -w is e  s e q u e n c e  d iv e r g e n c e s  fo r  Crotaphytus u se d  in th is  s tu d y
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OTUs CB-0718 CB-2218 CB-2226 CB-2227 CB-2249 CB-2217 CB-2270 CB-2275 CC-2243 CC-2250 CC-2254 CC-2234
CB-0718
CB-22I8 0 .0457
CB-2226 0 .0499 0 .0417
CB-2227 0.0499 0 .0417 0
CB2249 0 .0459 0 .0377 0.0343 0 .0343
CB-2217 0.1357 0 .1352 0.1167 0 .1167 0.1264
CB-2270 0 .1449 0.1346 0.1163 0.1163 0.1258 0 .0148
CB-2275 0.1351 0 .1346 0 .1163 0 .1163 0 .1258 0 .0 0 7 3 0 .0148
CC-2243 0.1311 0.1309 0.1123 0 .1123 0 .1219 0 .0148 0 .0225 0 .0148
CC-2250 0.1177 0 .126 0 .1078 0 .1078 0 .1172 0 .0186 0 .034 0 .0186 0.011
CC-2254 0 .1225 0 .1225 0 .104 0.104 0.1135 0 .0149 0 .0302 0 .0224 0 .0074 0.0111
CC-2234 0 .1359 0.146 0.1266 0 .1266 0 .1266 0 .0575 0 .0738 0.0655 0 .0533 0.0575 0 .0455
CC-UTEPI6009 0.1358 0 .1462 0.1351 0.1351 0.1352 0 .0655 0.0741 0 .0657 0 .0535 0 .0574 0 .0 5 3 3 0 .015
CC-2286 0 .1429 0.1601 0 .1123 0 .1123 0 .1316 0 .0615 0.07 0 .0616 0 .0495 0.0615 0 .0493 0.0341
CC-N K 18863 0.1376 0 .1462 0 .1088 0 .1088 0 .1284 0 .0 4 9 3 0 .0575 0.0494 0 .0376 0.0493 0 .0375 0.03
CC-2220 0 .1409 0 .1599 0.1316 0 .1316 0 .1315 0 .0616 0 .078 0.0697 0 .0574 0 .0616 0 .0496 0.0111
CC-LSUMZ48834 0.1323 0 .1513 0.1233 0 .1233 0 .1232 0 .0616 0 .078 0.0697 0 .0574 0 .0616 0 .0496 0.0111
CN-2312 0 .1124 0.1041 0 .0989 0 .0989 0 .0945 0.0539 0 .0618 0.0619 0 .0457 0 .0499 0.0381 0 .0617
CN-23I3 0 .1165 0 .1082 0.1031 0.1031 0 .0986 0 .0 5 7 7 0 .058 0 .058 0 .0 4 1 9 0 .0537 0 .0 4 1 9 0.0657
CV-JAM-634 0.1568 0.1613 0.1664 0 .1664 0.1421 0.1485 0 .1479 0.1579 0 .1489 0 .154 0 .1402 0 .1419
GW-2289 0 .2387 0.2692 0.2606 0 .2606 0 .2616 0 .2133 0 .2236 0 .2127 0 .2029 0 .193 0.2031 0 .1873
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Appendix D A lig n e d  m tD N A  C O III s e q u e n c e s  fo r  Crotaphytus u se d  in  th is  stu d y
I l l I l l I l l 1 22 2 2 2 2 2 2 22 3 3 3 3 3 3 3 3 3 3 4 44 4 4 4 4 44 4 5 5 5 5 5 5 5 5 5 5 6 6 6 6
1 23 4 5 6 7 8 9 0 12 3 4 5 6 7 8 90 1 2 3 4 5 6 7 8 9 0 123 4 5 6 7 8 9 012 3 4 5 6 7 8 9 0 1 2 3 4 567 8 9 0 1 23
CN-JAM664 CTT TTG AGC CTT CTA CCA CTC AAG CTA GCA CCC ?AC CCC AGA ACT AGG TGG ATG CTG ACC CCC
CN-JAM663 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? . ?? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? .  .
CBQ718 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? . ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? .
CB 2 2 1 8 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? . ?? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?
C B 2 2 2 6 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? . ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? .  .
C B 2 2 27 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? . ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? . .
CB 22 4 9 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? . ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? . .
CB 2 2 1 7 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? . ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? .  .
CB 22 7 0 T
C B 2 2 75 T .  .
CC 22 3 4 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? . ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? . .
C C - U T E P 1 6 0 0 9
C C 2 2 8 6
C C - N K 18 8 63
CC 2 2 2 0 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? . ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? . .
CC-LSUMZ48834 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? . ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? .
CC2 24 3
C C 2 2 50 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? . ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? . .
C C 2 2 54 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? . ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? .
CV -JAM634 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? . ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? .  .
GW2289 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? . ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? . .
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A ppendix D continued
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A ppendix D continued
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CN-JAM664 ATT TCA CGG ACT CCA CGT TAT TAT TGG CTC CTC ATT TTT AAT TAT TTG CCT AAT CCG ACA AAT
CN-JAM663
CB0718 G. . .C. CG. A . . C. .
CB2218 r CG. A . . r ,
CB2226 T r CG. A. . r
CB2227 T r CG. A r
CB2249 CG. A r
C B 2 2 1 7  . . . C ...................................................................................... T .................................................................C .........................
C B 2 2 7 0  . . .  C ........................................................................................T .........................................................G. C .........................
C B 2 2 7 5  . . .  C ........................................................................................T .................................C ........................... C ........................
C C 2 2 3 4  . . . C ................................................................................................................................................................................... T .
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Appendix E Dominant vegetation of the Great Basin
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Captions for Appendix E:
Dominant vegetation in the Great Basin
Map Codes (top to bottom)
State boundaries
County boundaries
Alpine
Montane
Pinon-Juniper
Western Juniper
Sage-Grass
Shadscale (this is the important one)
Mojavean
No vegetation
Ephemeral lakes
Marshes
Perennial Lakes
Scale 1:5,000,000
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CHAPTER 3
HISTORICAL BIOGEOGRAPHY AND HIERARCHICAL POPULATION 
STRUCTURE IN THE DESERT SPINY LIZARD, SCELOPORUS MAGISTER
(PHRYNOSOMATIDAE)
Abstract
Phylogeny and population structure of the Desert spiny lizard (Sceloporus 
magister) was examined using mitochondrial DNA (mtDNA) from populations 
representing six deserts in western North America. Intraspecific population structure was 
compared with three biogeographic models: 1) SHALLOW: late Pleistocene to Recent 
gene flow among populations (possibly in conjunction with recent range expansions from 
southern Pleistocene réfugia); 2) DEEP: a temporally longer (Pliocene/early 
Pleistocene) episode of population subdivision among southwestern desert regions 
designated as WESTERN (Mojave + Great Basin + San Joaquin + western Colorado 
Plateau deserts); CENTRAL (Sonoran + a portion of the southern Mohave desert + 
eastern Colorado Plateau deserts) + EASTERN (Chihuahuan desert); and 3) NESTED: a 
combination of both models with population structure consistent with the first model 
nested within a deeper, regional phylogeographic structure consistent with the second 
model. Phylogenetic analysis of a 2150 base pair PCR-amplified fragment containing the 
ND2 and part of the COI genes of mtDNA in 85 individuals, indicated subdivision of 
haplotypes into two reciprocally monophyletic geographic groups: WESTERN and 
CENTRAL + EASTERN consistent with a model of geographically proximate
119
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haplotypes sorting within regions. Analysis of 396 base pairs of sequence from the 
mtDNA c o m  gene across 9 individuals provided evidence of a potentially distinct 
EASTERN population in addition to the CENTRAL and WESTERN regions. 
Phylogeographic breaks are consistent with several Pliocene to early Pleistocene events 
sufficient to fragment arid and semi-arid biotas into these three population groups. 
Inclusion of S. zosteromus in the sequence analyses produced data that were likewise 
consistent with previous hypotheses of S. magisterlS. zosteromus vicariant separation 
during this time frame. Furthermore, comparative analysis of population structure within 
WESTERN and CENTRAL groups indicated appreciable differences between the two 
regions. First, haplotype diversity and nucleotide divergence are significantly greater in 
the CENTRAL group. Second, most of the diversity and divergence within the 
W ESTERN group occurs in the westem Mojave desert. The significantly lower genetic 
diversity of the northern Great Basin and Owens Valley populations relative to the 
southwestern Mojave region indicates that the former may have been derived through 
recent range expansion. I therefore suggest that the different scenarios presented by both 
datasets are consistent with the NESTED model and discuss the implications of this 
model for developing a generalized approach to examining the development of an arid- 
lands herpetofauna in westem North America.
Introduction
Analyses of widespread taxa are increasingly important in reconstructions of the 
associations between historical events and the structuring of continental biotas (see 
chapter 1 and references therein). These studies of different taxa from different 
continents (or seas) have consistently revealed geographically structured deep 
phylogenetic histories that probably result from past vicariant isolation and subsequent
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long-term persistence of regional populations within individual taxa. Vicariance 
biogeography is predicated on the assumption that taxonomic relationships are spatially 
congruent with the history of a given region (Avise 1992; Avise 1994; Morrone and 
Crisci 1995; Myers and Giller 1988; Riddle 1995). Previous studies o f desert lizards 
(Lamb et al. 1992), and freshwater darters (Turner et al. 1996) suggest that taxon-specific 
life-history and ecology may confound phylogeographic concordance. Thus it becomes 
appropriate to investigate whether or not the processes and mechanisms that result in 
spatial structuring o f an individual taxon also generate long-term persistence of regional 
biotic communities.
Sceloporus magister is a common, semi-arboreal lizard of the arid regions of 
westem North America (Figure 20, Stebbins 1985). S. magister is also at home on rock 
piles and to a lesser extent, debris piles and thus does not appear to be restricted to 
specific habitats. Like many other phrynosomatid lizards, S. magister is territorial 
(Parker and Pianka 1973). Variation in adult male dorsal coloration has led to previous 
recognition of up to 8 subspecies within S. magister, five of which occur in the United 
States (Phelan and Brattstom 1955; Tanner 1955). Sites et al. (1992) provided a 
summary of the available phylogenetic hypotheses for the genus Sceloporus (see also 
Cole 1970; Larsen and Tanner 1975; Smith 1939). Based on allozymes (Murphy 1983), 
karyotypes (Sites Jr., et al. 1992), mtDNA sequences (Wiens and Reeder, in press), and 
morphology (Grismer and McGuire 1996), the Baja subspecies of S. magister recognized 
by Phelan and Brattstrom (1955) have been accorded specific status as S. zosteromus and 
S. lineatulus (Grismer and McGuire 1996) that comprise the sister lineage to S. magister 
(Wiens and Reeder, in press). I follow Grismer and McGuire ( 1996) in considering the 
mainland forms of S. magister as pattem classes (sensu Frost et al. 1992) that form a 
monophyletic lineage. Additional evidence points to a long and separate history of the
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Baja peninsular desert biota from Sonoran and Mojavean aridlands biotas (Grismer 1994; 
Hafner and Riddle 1997).
In this study, restriction-site and nucleotide sequence analyses were used to assess 
patterns of phylogeographic population structure o f the widespread Desert spiny lizard, 
Sceloporus magister. As such, this study continues a trend towards using mitochondrial 
DNA (mtDNA) to infer biogeographic histories of arid-lands herpetofauna (Chapter 2, 
Jones 1995; Jones et al. unpubl. data; Lamb et al. 1989; Lamb, et al. 1992). The utility of 
mtDNA in molecular biogeography is summarized in chapter 1, Previous investigations 
of mtDNA phylogeography in the arid-dwelling lizards, Phrynosoma platyrhinos (Jones 
et al., unpublished data) and collared lizards of the genus Crotaphytus (Chapter 2) 
revealed patterns of recent distributional fluctuations constrained by a preexisting 
regional population structure. This nested scenario extended the 'deep history'/'shallow 
history’ model proposed by Riddle (1996) (each model hereafter referred to as DEEP, 
SHALLOW, or NESTED). Regional mtDNA divergence and diversity within these 
lizards has been correlated with models o f fluctuations in suitable P. platyrhinos habitat 
during the late Pleistocene (Chapter 2, Jones et al., unpubl. data). Sceloporus magister 
shares distributional affinities with both P. platyrhinos and the collared lizards examined 
in Chapter 2. It is therefore appropriate to investigate whether S. magister exhibits 
phylogeographic (e.g. historical biogeographic) structure similar to other westem 
herpetofauna (Jones, et al. unpubl. data; Lamb, et al. 1989; Lamb, et al. 1992). I 
evaluated the diversification of S. magister under four altemative models of 
biogeographic history, including the null hypothesis of no geographic population 
stmcture (Chapter 1, Figures 5 and 6).
Molecular divergences previously found across Crotaphytus bicinctores and C. 
vestigium separated by the San Gorgonio constriction were consistent with previous 
hypotheses of Pliocene vicariance (Chapter 2, Grismer 1994). Inclusion of a S.
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zosteromus sample from Baja permits limited inferences about whether or not S. magister 
and S. zosteromus were likewise isolated during the Pliocene/early Pleistocene by the San 
Gorgon io constriction. As previously noted, vicariance biogeography postulates 
simultaneous isolation and subsequent divergence among co-distributed taxa isolated by a 
common historical event (Avise 1992; Morrone and Crisci 1995; Myers and Giller 1988). 
Levels o f divergence across Sceloporus magister and Sceloporus zosteromus similar to 
those found across Crotaphytus bicinctores and C. vestigium  would thus further support a 
vicariance scenario. Hypotheses supported by this study are nevertheless considered 
preliminary in view of the absence of samples from the Mexican portion of Sceloporus 
magister's range.
Materials and Methods
Laboratory methods
A total of 85 individuals of 5. magister from 28 localities were examined for this 
study (Figure 21a, Appendix F). Total genomic DNA was isolated according to 
established protocols (Dowling era/. 1996; Hillis e ta /. 1996). Nucleotide sequences 
were from a 757bp fragment of the cytochrome oxidase subunit 3 (COIII) gene. RFLP 
analyses were from a fragment of about 2150 bp that included the NADH subunit 2 
(ND2) gene (1035 bp), five intervening tRNAs, and 705 bp of the COI gene. Primer 
sequences are listed in Riddle et al. (1993).
For ND2/C0I restriction-site analyses, five microlitres of each PCR reaction were 
digested with the following enzymes according manufacturers' protocols: Bsp\2%6\,
Ddel, HaeUl, Hhal, H indi, Hinfl, Mbol, Mspl, Rsal, and Taql. All enzymes were tetra- 
nucleotides, with the exception of two penta-nucleotides: HaeUl and H indi. Otherwise, 
the procedure follows that of Chapter 2. Invariant or apomorphic enzymes and/or sites 
are listed separately for each core species but were excluded from further analyses.
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Divergences among mtDNA haplotypes examined in this study were sufficiently low to 
permit inference of single restriction-site differences among pairs of haplotypes 
(Dowling, et al. 1996), eliminating the need for double and partial digestion methods of 
obtaining a matrix of mapped restriction sites.
In order to provide additional information about phylogenetic relationships and 
genetic divergences, I next obtained direct nucleotide sequences from one representative 
from nine of the twelve major haplotype lineages uncovered in the restriction-site 
analysis (Figure 21 b) and including representative Sceloporus zosteromus and 5. orcutti 
sequences as an outgroups. Subsequently, single-stranded DNA was produced through a 
second round of PCR, using 3 |xl of the product from the first round and a 100-fold 
excess concentration of one primer relative to the other (Allard et al. 1991). The limiting 
primer was used as the sequencing primer in a dideoxy sequencing reaction performed 
with Sequenase 2.0 polymerase enzyme, reagents, and nucleotide triphosphates (United 
States Biochemical) and [^^Sj-dCTP. I obtained 396 readable bases that were aligned 
and translated to amino acid sequence (using MacVector 3.5) for verification of reading 
frame integrity. Sequences were deposited in Genbank under accession numbers XX to 
XX.
Data Analysis
Overall sequence divergence for the restriction site data was calculated for each 
pair of composite haplotypes. The data were treated as restriction sites, and the number 
of nucleotide substitutions per site was estimated using the method of Jukes and Cantor 
(1969), with standard errors of this estimate obtained through a jackknife approach. The 
sequence divergence data were used to produce a UPGMA (Sneath and Sokal 1973) tree 
as implemented in RESTSITE v.1.2 (Miller 1991).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
125
I examined the restriction-site trees for evidence of molecular divergence and 
phylogeographic disjunctions, and selected examplar haplotypes representing major 
phylogeographic clusters for direct nucleotide sequencing. Sequence divergence was 
calculated pairwise among samples using the method o f Tamura and Nei (1993) as 
implemented in MEGA (Kumar et al. 1993). Sceloporus orcutti and S. zosteromus were 
used as outgroups in phylogenetic analyses. The resulting distance matrix was used to 
generate a neighbor-joining tree (Saitou and Nei 1987). Transition/Transversion ratios 
were plotted against sequence divergence in order to identify the potential bias introduced 
by multiple hits at a site for affecting subsequent phylogenetic analyses. As an 
independent assessment of the phylogeny obtained by the neighbor-joining method, 
nucleotide sequences were used to produce maximum-parsimony phylogenetic 
hypotheses via the Branch and Bound algorithm of PAUP 3.1.1 (Swofford 1991). For 
both sets o f analyses, support for phylogenetic nodes was obtained by bootstrapping 
(Felsenstein 1985; Hedges 1992) with either 1000 (parsimony) or 2000 (neighbor- 
joining) replicates. I next explored the robustness of the most parsimonious tree by 
examining altemative topologies o f near parsimonious trees, and conducted Wilcoxon 
signed rank tests on character-state changes between the most parsimonious tree and 
several biologically plausible alternative topologies (Larson 1994; Templeton etal.
1995).
A number of approaches are available for examining geographic structure and 
heterogeneity among mtDNA haplotypes (e.g. $  statistics, nested cladistic analyses, 
and Gst,) (Excoffier etal. 1992; Roff and Bentzen 1989; Takahata and Palumbi 1985; 
Templeton, et al. 1995). I used restriction-fragment data to examine haplotype diversity 
(h )  and nucleotide diversity (ti) (Nei 1987) with equations implemented in REAP v4.0 
(McElroy ef a/. 1991). AMO VA (Excoffier e/a/. 1992) analysis was used to assess 
altemative hypotheses of hierarchical geographic population stmcture. The 0  statistics
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utilized by AMO VA have the advantage of 1) allowing investigation of hierarchical 
patterns of mtDNA variation, 2) not relying on the normal distribution of the molecular 
dataset, and 3) flexible user implementation.
Results
Patterns of variation and phylogenetic structure
Restriction-site variation, distances, and UPGMA tree
Restriction digests of the ND2-COI mtDNA fragment resulted in a total of 55 
inferred restriction sites (25-39 sites per haplotype) of which 35 were phylogenetically 
informative (Table 16, Figure 21b). Out of a total of 32 composite haplotypes, 26 were 
found in only one individual, four in two individuals, and one in six individuals (Table 
17). Ten localities contained more than one haplotype, while haplotypes 4, 5, 7. 13, 14, 
24, and 26 were present in more than one locality (Table 17, Figure 21b). For the most 
part, each locality contained a unique or dominant composite haplotype (Table 17). 
Sequence divergence among haplotypes ranged from 0.3% (haplotypes 2 and 3) to 
11.0% (haplotypes 20 and 24/29) (Table 18; Appendix G).
The UPGMA phenogram (Figure 22) contains two principal clusters of 
haplotypes (I and II) separated by an average divergence value of approximately 6%. 
The first group contains haplotypes distributed throughout the Mojave and Great Basin 
deserts. This latter region also includes a portion of the San Joaquin desert, the Arizona 
Strip portion of the Colorado Plateau, and that portion of the Mojave desert that extends 
eastward from the lower Colorado River. The other major cluster includes haplotypes 
from the Chihuahuan and Sonoran deserts. This cluster also extends onto the 
southeastern portion of the Colorado Plateau, east of the upper Colorado River.
Likewise, the cluster also extends into the southernmost portion of the Mojave desert in 
southeastern California.
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Additional patterns of geographic structure are indicated within each of the main 
clusters. I identify 12 clusters (A through L) that contain haplotypes that on the average 
are greater than 1.2% divergent from haplotypes within other clusters (Figure 22). 
Additional geographic structure was indicated among these 12 clusters (Figure 23). 
Specifically, clusters A, B, and C are located in the Great Basin and the western portion 
of the Mojave desert; D and E are found within the eastern Mojave as well as the westem 
part of the Colorado Plateau; H, K, and L in the Sonoran region and the southwestern 
portion of the Mojave desert; G on the eastem Colorado Plateau; and F, I, and J in the 
Chihuahuan or Sonoran-Chihuahuan transition area.
Nucleotide sequence variation, distances and trees
Nine individual Sceloporus magister representing the major clusters of restriction- 
site haplotypes (Figure 22) varied at 88 of 396 nucleotide sites from the mtDNA COIII 
gene (Appendix H) with the inclusion of S. orcutti and S. zosteromus increasing the total 
variable sites to 130. The number of nucleotide positions that differed among individual 
S. magister haplotypes ranged from 9 (the two Inyo County, California specimens- 
restriction site haplotypes 7 and 13) to 47 (Inyo County, Califomia-restriction site 
haplotype 13 and Dona Ana County, New Mexico-restriction site haplotype 19). The 
sequence data demonstrated strong bias in numbers of transitions versus transversions 
(Table 19). Below 6%, the high ratios reflect a moderate number o f transitions divided 
by one or two transversions (Figure 24). Pairwise divergences above 8% have lower 
ratios since the proportion of transversions increases faster than transitions, even as 
absolute numbers of transitions increases as well, indicating accumulation thereafter of 
‘multiple hits’ (Kumar, et al. 1993; Tamura and Nei 1993).
Nucleotide sequence divergence values as calculated by Tamura and Nei’s (1993) 
algorithm ranged from 0% to 14.2% within S. magister and up to 25% with the inclusion
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of 5. orcutti and 5. zosteromus (Table 18). The relative levels of divergence among 
different sets of haplotypes paralleled those found within the ND2-COI restriction site 
data. These data indicate three levels of sequence divergence relative to geographic 
patterns. Pairwise divergences below 6.5% among haplotypes occur within a single 
geographic region; between 6.5% and 14.2% from different regions; and greater than 
19% between the outgroups S. orcutti and S. zosteromus with respect to S. magister 
(Figure 24).
A neighbor-joining tree generated from the distance matrix in Table 18 and a 
parsimony analysis of the sequence data using generalized weighting produced similar 
cladograms (Figure 25). Other weighting schemes (transversion parsimony or mixed 
parsimony with third position transversions) produced trees with unresolved polytomies, 
but were consistent with these trees. For both distance and parsimony analyses, I 
obtained estimates of support for phylogenetic nodes via bootstrapping (Felsenstein 1985; 
Hedges 1992). In spite of the different assumptions of distance and parsimony methods, 
both identified four clades (Figure 25) designated as: EASTERN (eastem Chihuahuan 
desert), CENTRAL (Sonoran desert, eastem Colorado Plateau, extending into the 
southwestern portion of the Mojave desert from southem Califomia), WESTERN 
(Mojave and Great Basin deserts along with the westem portion o f the Colorado Plateau), 
and PENINSULAR {Sceloporus zosteromus from the Baja peninsula).
Concordance and discrepancies among both datasets
Given that there is little or no evidence for a biogeographic association between 
the Chihuahuan and Mojave deserts, and that there are only two geographically structured 
clades in the restriction site data set, I further investigated the phylogenetic placement of 
the Dona Ana County, New Mexico (Figure 21a, locality 16) sequence representing the 
EASTERN clade with respect to the CENTRAL and WESTERN clades. It is well known
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that long branch lengths can confound phylogenetic analysis (Felsenstein 1978). 
Inspection of the 5% near parsimonious trees (tree length < 1 5 2  steps) reveals that one 
third of the tree topologies (61 out of 180) incorporate the Chihuahuan haplotype with the 
CENTRAL clade (Figure 26). A Wilcoxon signed rank test o f character state changes 
(Larson 1994; Templeton 1983) between the most parsimonious tree and the shortest tree 
with and EASTERN + CENTRAL clade (Figure 27) demonstrated no significant 
difference between these two trees (p = 0.251).
Geographic structure within CENTRAL and WESTERN clades
Partitioning of total variation in restriction site haplotype divergence into within 
versus among clade (EASTERN, CENTRAL, and WESTERN) variation was examined 
using Analysis of Molecular Variation (AMOVA). In this analysis, 65% of the variation 
is attributable to differences among those three geographic regions, and 30% attributable 
to variation among populations within regions (p < 0.001).
If CENTRAL and WESTERN populations are treated separately, each can be 
examined independently in order to contrast population structures in each region (Table 
20). First, haplotype diversity ( Â ) is high in both, but extremely high in the CENTRAL 
region because nearly every sample represents a different haplotype. Second, nucleotide 
diversity ( tr) in the CENTRAL region is double that in the WESTERN region indicating, 
on average, a deeper coalescence time among haplotypes. Third, overall pairwise 
divergence values (K) among haplotypes in the CENTRAL region were significantly 
greater than those in the WESTERN region (unpaired 2-tailed T-test, p<0.001).
Assuming equal rates of nucleotide substitution, significant differences in haplotype and 
nucleotide diversity and pairwise sequence divergence values suggest different 
population histories between CENTRAL and WESTERN populations of S. magister.
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One possible explanation for comparatively low mtDNA diversity and divergence 
in the WESTERN region would rely on a model of reduced effective female population 
size, possibly due to a geographic range reduction in response to Pleistocene temperature 
extremes. Models o f recent range expansion from Pleistocene réfugia predict lower 
haplotype diversity and divergence than would be expected from current estimates of 
effective female population size (Hewitt 1993; Hewitt 1996). In order to evaluate this 
hypothesis, samples from the Mojave/Great Basin region were pooled into three groups 
(Table 21): WESTERN.northwest (Great Basin/Owens Valley), WESTERN.northeast 
(east Mojave, westem Arizona strip), and WESTERN.south (southwest Mojave).
Analysis of pairwise divergence values indicate significant differences among these three 
groups (Kruskall-Wallis test, p<0.001). Analysis of molecular variance indicates that 
45% of the variance is partitioned among groups, and 40% among populations within 
groups (p < 0.001). Haplotype diversity is lowest in the WESTERN.northeast group, 
somewhat higher in the WESTERN.northwest, and very high in the WESTERN.south 
group (Table 21). Nucleotide diversity is much greater in the WESTERN.south than in 
either of the other regions (Table 21). Finally, pairwise nucleotide divergence among 
groups indicate a strong bias such that the WESTERN.northwest and WESTERN.south 
share more genetically similar haplotypes than does the WESTERN.northeast group with 
either of the other groups (Figure 28).
Discussion
Several methods of analysis of mtDNA haplotype variation (e.g. UPGMA of 
ND2/C0I RFLPs, parsimony and neighbor-joining analyses of COIII nucleotide 
sequences) indicate substantial phylogeographic population structure within the Desert 
spiny lizard, Sceloporus magister. Each data set suggests reciprocally monophyletic 
division of haplotypes into WESTERN and CENTRAL clades. Additionally, each
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identifies substantial divergence between haplotype 19 in the Chihuahuan desert and 
remaining haplotypes in the Sonoran and Colorado Plateau deserts. The large amounts of 
sequence divergence present across the mtDNA COIII dataset suggest that deeper nodes 
in the mtDNA N D 2/C0I restriction site tree should be interpreted with caution. 
Asymmetry in the probability of losing (large) versus gaining (small) restriction sites 
(e.g. DeBry and Slade 1985), compounded with increased homoplasy and convergence of 
restriction sites over large divergences can confound phylogenetic analyses of restriction 
site data (Swofford et al. 1996). Alternatively, aligned nucleotide sequence data permit 
the direct observation o f DNA mutations (manifest as either transitions or transversions) 
at higher levels of sequence divergence (Swofford, et al. 1996).
Restriction site mtDNA haplotypes from the WESTERN clade are distributed 
throughout the Mojave, Great Basin, San Joaquin, and western Colorado Plateau deserts, 
and those from the CENTRAL clade range from Joshua Tree, California east through the 
Sonoran and eastern Colorado Plateau deserts along with an EASTERN population from 
the Chihuahuan desert (Figure 25). Large values for both haplotype diversity and 
nucleotide diversity within the CENTRAL and WESTERN regions (Table 20) as derived 
from RFLP data and are consistent with a DEEP history model of a long term persistence 
of these two regional populations (Table 2; Riddle 96).
MtDNA c o m  sequence divergences o f approximately twelve percent among a 
subset of individuals corroborate the distinctiveness of the CENTRAL and WESTERN 
regions and are likewise consistent with a DEEP history model of population subdivision. 
Divergences of ten to fifteen percent also separate Chihuahuan desert restriction site 
haplotype 19 (Figures 21 a and b, locality 16) from both the CENTRAL and WESTERN 
region. Given the large divergences between haplotype 19 and the other regions, one 
hypothesis would consider this locality as representing a regionally distinct EASTERN 
population. Further analysis of haplotype diversity in the putative EASTERN region will
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require additional samples from the eastern portion o f 5. magister's distribution along 
with the inclusion of Mexican populations. The phylogenetic branching sequence 
between these three clades is statistically unresolvable with these data (Figure 27), and 
could therefore represent nearly simultaneous diversification events (Hoelzer and 
Melnick 1994).
The main point of discrepancy between the restriction site and sequence data sets 
appears to be the phylogenetic positioning of restriction site haplotype 19, representing a 
postulated EASTERN clade (Figures 26 and 27). In view of the discrepancies between 
the RFLP and sequence data, how can the noticeable pattern of phylogeographic structure 
observed within Sceloporus magister best be explained? In a large effective female 
population, intra -lineage nucleotide substitutions (e.g. haplotype diversity) are expected 
to increase over time with an attendant increase in genetic diversity (Neigel and Avise 
1986). It is possible that additional sampling across the EASTERN and CENTRAL 
regions might uncover shared haplotypes across each region (Figure 6B) that would 
suggest a long history of haplotype persistence throughout a large effective female 
population as an alternative historical explanation to an EASTERN-CENTRAL 
vicariance hypothesis (Figures 1, 6B, and 6C ). Large divergences between 
geographically proximate lineages where at least one lineage demonstrates reduced 
genetic diversity could also represent lineage sorting due to a SHALLOW history (e.g. 
Pleistocene) of gene flow among populations (Figure 5B). Under this scenario, the 
CENTRAL + EASTERN mtDNA ND2/C0I clade would form a regional assemblage that 
manifests evidence of secondary contact and shuffling of haplotypes during Pleistocene 
episodes of inter-population gene flow as indicated by Avise’s (1989; 1987) category II.
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Regional phylogeographic structure
Sequence divergences o f approximately 12 percent between CENTRAL and 
WESTERN populations are consistent with the DEEP vicariant isolation and divergence 
model, perhaps initiated during an interval of time at which geologists postulate a 
northward transgression of marine waters known as the Bouse Embayment (Norris and 
Webb 1976). Interestingly, different haplotypes from the Colorado Plateau are associated 
either with the WESTERN or the CENTRAL region (Figure 21b). However, historical 
integrity is suggested by separation of known WESTERN and CENTRAL populations 
from each other by the upper portion of the Colorado River and is consistent with a 
DEEP history of these two clades. Likewise, sequence divergence of roughly twelve 
percent between haplotype 19 and all other CENTRAL region haplotypes is consistent 
with Morafka's (1977) model of Chihuahuan/Sonoran vicariance during the Pliocene. 
Potential late Tertiary isolating events include both the continued uplifting of the Rocky 
Mountains as well as the formation of the Sierra Madre Occidental (Morafka 1977: 
Zweifel 1962). A postulated EASTERN and CENTRAL disjunction for S. magister has 
also been observed for several desert rodent taxa (summarized in Riddle 1995; 1996) and 
collared lizards (Chapter 2). As noted above, more sampling needs to be done to fully 
assess the biogeographic integrity of the EASTERN region with respect to the 
geographically proximate CENTRAL region.
Sequence divergences of approximately 20% separated Sceloporus zosteromus 
from S. magister. While assigning Sceloporus zosteromus and S. lineatulus both specific 
status and a sister-taxon relationship, Grismer and McGuire (1996) found no 
synapomorphies that would support a sister-taxa relationship between S. zosteromus + S. 
lineatulus with respect to S. magister that would corroborate Grismer’s ( 1994) 
hypothesis of Pliocene vicariance between these taxa. However, recent work based on
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combined analyses of morphological characters and mtDNA sequences has established a 
sister-taxon relationship between Sceloporus magister and a  S. lineatulus + S. zosteromus 
clade (Wiens and Reeder, in press). While inferences based on unique samples require 
further testing (Chapter I, Figure 6B), the data presented here are consistent with a 
hypothesis of the distinctiveness of S. zosteromus with respect to S. magister resulting 
from vicariant separation of lineages during the late Miocene or Pliocene. More 
sampling of 5. zosteromus needs to be done to determine if this is an old, retained 
haplotype or is representative o f S. zosteromus/S. magister divergence. If the latter 
situation is correct, this large inter-specific divergence possibly suggests 
WESTERN/CENTRAL isolation during an older Trans-Gulfian split. Alternatively, S. 
zosteromus could have been isolated by the marine transgression before the WESTERN 
and CENTRAL S. magister clades were likewise separated by the encroaching waters. 
Substantial molecular divergence between S. zosteromus and S. magister across the San 
Gorgonio constriction (Chapter 1, Figure 1, Grismer 1994) corresponds to a model of 
DEEP isolation and divergence across two species of collared lizards (Chapter 2). As 
previously noted, concordant biogeographic structure across multiple lineages is a key 
tent of vicariance biogeography (Avise 1992; Morrone and Crisci 1995; Myers and 
Giller 1988) and this study adds to a growing body of literature indicating that the 
distinctiveness of the Peninsular herpetofauna has its origin in one or more vicariant 
events isolating widespread biotas during the late Tertiary (Grismer 1994; Hafner and 
Riddle 1997; Murphy 1983).
Intra-regional population structure
WESTERN Clade
A common and widespread restriction-site haplotype (haplotype 5) occurs 
throughout WESTERN.northeast (Mojave/westem Colorado Plateau) populations from 
the WESTERN region (Figures 22 and 23). Six other haplotypes are also distributed
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among these populations, of which three are more than 1% divergent from haplotype 5. 
This divergence without clear phylogeographic structure suggests either Avise’s category 
n  of SHALLOW secondary contact/mixing (Avise 1989; Avise, et al. 1987) or a history 
of population persistence across this area without substantial episodes of female 
population size reduction (Haiti and Clark 1989; Hewitt 1996). Specimens from the 
western Colorado Plateau of northern Arizona have the common haplotype 5, suggesting 
colonization from the eastern Mojave. Consistent with a pattern found in previous 
studies (e.g. Chapter 2, Jones, et al. unpubl. data; Lamb, et al. 1992), RFLP haplotypes (5 
and 24) that occur in both southern Nevada and northwestern Arizona suggest that the 
lower Colorado River is not currently a barrier to gene flow.
In WESTERN.northwest (Owens Valley/Great Basin) and WESTERN.south 
(southwestern Mojave) populations there are high levels of haplotype diversity, while the 
WESTERN.northwest demonstrates lowered nucleotide diversity (Table 21).
Phrynosoma platyrhinos also demonstrates high levels of intra-locale haplotype diversity 
and lower nucleotide diversity in populations from the same areas (Jones et al., unpubl. 
data). Jones et al. correlate this pattern with the fluctuating isolation of desert-scrub 
habitat during the Pleistocene that repeatedly created réfugia followed by secondary 
contact. Habitat models indicate that as recently as 18,000 years before present, 
desertscrub habitat was restricted to the southern Basin and Range province (Betancourt 
et al. 1990; Jones, et al. unpubl. data; Lomolino et al. 1989). The WESTERN.northwest 
group shares two of its three restriction site haplotypes with the WESTERN.south 
samples. Maintenance of genetic diversity along with lowered divergence in the 
)\TSTERN.northwest population may reflect a colonizing phalanx' of a large effective 
female population (Hewitt 1996) from the WESTERN.south. The WESTERN.northwest 
Owens Valley coincides with the distributional limits of shadscale {Atriplex 
confertifoliay, one of the defining perennials of the Great Basin ecosystem (Appendix E,
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BRRC 1996; Turner 1982a). The presence of a widespread, but otherwise unique, 
haplotype (14) in the WESTERN.northwest probably represents leading edge' or 
wavefront' colonization by a small founding population from the WESTERN.south or the 
Owens Valley portion of the WESTERN.northwest (Hewitt 1996). While clearly 
affiliated with the WESTERN.south, the noticeable divergence of the San Benito County, 
California specimens (haplotype 18) suggests recent isolation either by 
Pleistocene/Holocene flooding of the San Joaquin Valley and/or uplifting of the Coast 
Ranges and/or Sierra Nevada.
Molecular population structure within the EASTERN and CENTRAL clades
Specimens from Hidalgo County, New Mexico demonstrate noticeable 
intraspecific RFLP diversity along with large sequence divergences with respect to either 
the EASTERN or CENTRAL regions. The boundaries of the Sonoran desert have been 
defined based on paleoecological data (Axelrod 1979), contemporary biotic composition 
(Shreve and Wiggins 1951), or a hierarchical consideration of biotic factors (Brown and 
Lowe 1980). The demarcation of the Chihuahuan desert remains controversial. Shreve 
(1951) and Axelrod (1979) both noted that the New Mexican boo thee 1 and adjacent 
southeastern Arizona contain a desert grassland transition zone that links the two deserts. 
Climatic data (Schmidt Jr. 1979), corroborated by later floristic work (Brown 1982a) 
suggest a Chihuahuan affinity for the New Mexican bootheel/southeastem Arizona 
region. This may be the result of cacti, yucca, and mesquite encroaching into former 
grasslands following anthropogenic disturbances (e.g. overgrazing) (Bahre 1995; Brown 
1982a).
Grasslands tend to be found in extreme environments of cold, heat, aridity, and/or 
salinity (Van Devender 1995). Desert grasslands tend to have a patchy distribution and 
act as a contact zone between woodlands and desertscrub ecosystems (Brown 1982b)
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leading to the concept of a mixed-shrub savanna (Burgess 1995). While the semidesert 
grasslands support both Sonoran and Chihuahuan fauna, the addition of non-desert and 
endemic fauna leads to a different community structure than either neighboring 
desertscrub ecosystem (Brown 1982b; Morafka 1977; Parmenter and Van Devender 
1995). Disequilibrium of the desert grassland transition zone is overlaid upon the late 
Tertiary orogenesis of the Sierra Madre Occidental (Morafka 1977; Zweifel 1962).
Given the complex geologic and biotic history of the New Mexican bootheel, it is not 
surprising that CENTRAL S. magister haplotypes exhibit large intra-regional divergences 
consistent with multiple episodes of population fragmentation and secondary contact. 
More phylogeographic work both within S. magister and other taxa is needed to 
determine the extent of regional populations from this area.
Divergences between EASTERN and CENTRAL Sceloporus magister are nearly 
twice that found within Crotaphytus collaris from the same regions. Consideration of 
the ecology of the species involved provides possible explanations of the divergences 
within and across these regions. Unlike S. magister, C. collaris occurs both in the 
grassland-steppes of the Great Plains and lower montane pinon-juniper environments. 
Unlike S. magister, C. collaris samples from Hidalgo County, NM. (locality 9 in Figure 
8) are clearly associated with the EASTERN region. Given the complex history of the 
desert/desert-grassland transition zone (McClaran and Van Devender 1995), it is not 
surprising to find taxon-specific discordance along the margins of core biogeographic 
regions. It is probable that these different levels of molecular divergence reflect real 
differences in rates of divergence driven by taxon-specific isolation mechanisms such as 
territoriality, mate recognition (Alcock 1989), and ecological specificity (Vrba 1992).
The data presented here are consistent with a DEEP Pliocene/early Pleistocene split for 
both EASTERN and CENTRAL S. magister populations as well as the split between C. 
nebrius and C. collaris (Chapter 2). A later divergence during the early/mid Pleistocene
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between EASTERN and CENTRAL C. collaris populations from the Colorado Plateau 
and Great Plains is likewise consistent with molecular data from the similarly 
distributed pocket mice Perognathus apache and P.flavescens (Nickle 1994; Riddle 
1995).
The samples from the eastern Colorado Plateau are phylogenetically associated 
with populations from the northern portion of the CENTRAL region. Sequence 
divergence between the EASTERN region and the eastern Colorado Plateau is extremely 
large (11%) with respect to the latter population and the CENTRAL region (4-6.5%), a 
phylogenetic affinity that is also borne out by the restriction site data. Whether or not 
one includes restriction site haplotype 19 as part of the CENTRAL region, the different 
levels of sequence divergence suggests that the eastern portion of the Colorado Plateau 
was most likely colonized by Sceloporus magister from the Sonoran desert and not from 
the Chihuahuan desert via the Rio Grande corridor. More samples from the Sonoran, 
Chihuahuan, and Colorado Plateau deserts are need to better determine probable routes of 
northward dispersal onto the Colorado Plateau.
The Joshua Tree, California sample (Figures 21a and 21b; locality 19 from San 
Bernardino County, California; RFLP haplotype 11 ) is genetically similar to three 
haplotypes from the CENTRAL region. This locality is approximately congruent with 
the transition between the Mojave desert and the lower Colorado portion of the Sonoran 
desert (Turner 1982b; Turner and Brown 1982). Like the Hidalgo County, New Mexico 
locality (Figure 21a, locality 22), locality 19 probably represents a biotically complex 
transition zone. More sampling needs to be done in southern California to determine the 
extent of the CENTRAL and WESTERN clades in this region. Relatively low divergence 
(c. 1%) between haplotype 11 with respect to the other CENTRAL haplotypes is 
consistent with either recent dispersal across the Colorado River or a long-term 
maintenance of a regional CENTRAL population across the lower portion of the
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Colorado River. MtDNA analyses of two species of desert lizards (Dipsosaurus dorsalis 
and Sauromalus obesus) found substantial haplotype diversity, but little divergence or 
geographic localization of haplotypes across the lower Colorado River (Lamb, et al.
1992). Lack of geographic variation in Baja, along with no clear sister taxa relationship 
between Baja and mainland forms led Grismer (1994) to place these two lizards in the 
Western Desert Complex of Baja herpetofauna. This pattern contrasts with a study of 
Gopherus agassizi that found substantial genetic divergence and geographic population 
structure defined by the Colorado River (Lamb, et al. 1989); a pattern also found by 
Jones et al. (unpubl. data) for Phrynosoma platyrhinos. All four species share a common 
distribution in the southwestern United States constrained by the Mojave and Sonoran 
deserts. These studies imply two different patterns of geographic population structure for 
western herpetofauna. 5. magister also demonstrates clear regional boundaries between 
the Mojave and Sonoran deserts. However, the presence of two Mojave haplotypes 
(RFLP haplotypes 5 and 24 ) that cross the Colorado River, along with the Joshua Tree, 
Califomia/westem Arizona Sonoran haplotypes suggest that the lower Colorado River 
has not been a recent barrier to dispersal. Regional divergences found in G. agassizi. P. 
platyrhinos and S. magister suggest a DEEP model of long term persistence of 
populations in the western deserts vicariantly isolated by the Bouse Embayment, even 
though the S. magister deep pattern is overlain by more recent cross-region dispersal. 
Conversely, the lack of geographic structuring in D. dorsalis and S. obesus is consistent 
with a SHALLOW model of recent dispersal across the Colorado river that occurred after 
the regression of the Gulf of California to its present boundaries. The overall conclusions 
of this study are consistent with a NESTED population structure of recent gene flow 
spatially constrained by long-term subdivision of regional populations.
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Summary and Synthesis
I have used several lines of evidence to reconstruct the historical biogeography of 
Sceloporus magister. Relative (large versus small) divergences suggest a complex series 
of historical and population-level events that have defined the molecular geographic 
population structure o f this species. Even when shallow (e.g. late Pleistocene) 
distributional fluctuations are overlaid onto earlier (e.g. late Pliocene/early Pleistocene ) 
regional populations, the signal of an earlier deep history remains. Indeed, persistence of 
these earlier regional populations appears to spatially constrain population-level 
responses within a region. Both restriction site and nucleotide sequence data are 
consistent with a DEEP model of late Pliocene/early Pleistocene vicariant events 
resulting in divergent regional populations. Both data sets further demonstrate evidence 
of recent range expansion within these older regional populations and justify further work 
to determine the nature and extent of regional population structure within S. magister. 
Thus, I extend the model of Riddle (1996) to explicitly incorporate a NESTED model of 
biogeographical structure, summarized in Figure 29.
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Figure, Table, and Appendix L egends
Figure 20 Distribution o f Sceloporus used in this study (Sm and black outline)(from 
Stebbins, 1985). Each locality contained 1 to 10 individuals. S. magister does not occur 
on the Mogollon Plateau (dark circle on map). Gray outline represents the distribution of 
S. zosteromus, (Sz) the putative sister taxa (Wiens and Reeder, in press) to 5. magister. 
Dots indicate sample localities. So indicates the locality of the outgroup, S. orcutti.
Figure 21a Sample localities for Sceloporus magister (numbers) and S. orcutti (So) 
used in this study. Exact locality and specimen data are given in Appendix F. each 
locality contained 1 to 10 individuals. See Figure 20 for S. orcutti and S. zosteromus 
localities.
Figure 21b Location of N D 2/C0I restriction-site haplotypes for Sceloporus magister 
used in this study. Restriction-site haplotypes can be cross-referenced with sample and 
locality data in Table 16, Figure 21a, and Appendix F. Circled haplotypes were included 
in the mtDNA COIII sequence analyses.
Figure 22 UPGMA phenogram (Sneath and Sokal, 1973) generated by RESTSITE 
vl.2  (Miller, 1991) for Sceloporus magister from mtDNA N D 2/C 0I restriction-site data 
showing phylogeographic disjunctions and distance values. Asterisks represent 
haplotypes used for mtDNA COIII sequences. I; Samples from  Mojave, Great Basin, 
and western Colorado Plateau deserts II: Samples from Chihuahuan, Sonoran, and 
eastern Colorado Plateau deserts. Letters represent clusters o f haplotypes less than 1.2% 
divergent from each other, numbers correspond to individual haplotypes (Figure 21b, 
Table 16). n=absolute number of specimens possessing haplotype (Table 17). Localities 
are per Figure 21 a and Appendix F. Restriction-site haplotypes can be cross-referenced 
with sample and locality data in Figure 21, Table 16, and Appendix F.
Figure 23 Isophenes from the UPGMA restriction site data of Sceloporus magister 
genetic divergences used in Figure 22. Isophenes represent 2% (shaded polygons), 4% 
(lighter outlines), and 6%(solid outlines) divergences. Coding of areas and haplotypes as 
per Figure 22.
Figure 24 Plot of mtDNA COHI pair-wise sequence divergence by 
transition/transversion ratios (TS/TV) for Sceloporus magister using Tamura and Nei's 
(1993) algorithm as implemented in MEGA v.1.0 (Kumar et al., 1993). A: within region 
divergences, B: across region divergences, and C: individual-5, orcutti or individual-5. 
zosteromus divergences respectively.
Figure 25 Bootstrap consensus trees from mtDNA COHI Sceloporus magister 
sequence data for: A) neighbor-joining tree (Saitou and Nei, 1987) using Tamura-Nei’s 
(1993) algorithm with 2000 replicates (bold/top=bootstrap, italics/bottom=standad error) 
Standard errors derive from Kimura’s 2-parameter distances, and B) Parsimony tree 
using the branch and bound algorithm (Swofford et al., 1996) of PAUP 3.1.1 (Swofford, 
1991) generated from 1000 bootstrap replicates. (bold=bootstrap value). For the 
parsimony tree, the g I statistic (Hillis and Huelsenbeck 1992) o f -0.56817 (p<.01) 
suggested a non-random distribution of the tree distributions with a most parsimonious
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tree of 144 steps . Biogeographic regions: E: EASTERN clade from the eastern 
Chihuahuan desert. C: CENTRAL clade from the Sonoran desert, eastern Colorado 
Plateau, and the Mojave desert of southern California. W: WESTERN clade from the 
Mojave, Great Basin and western Colorado Plateau deserts, P: S. zosteromus from the 
PENINSULAR region. Locality and RFLP haplotype numbers can be cross-referenced 
with Figure 21, Table 16, and Appendix F.
Figure 26 Summary of 180 total 5% Near Parsimonious Trees less than 152 steps 
from mtDNA COHI sequence data showing proportion of trees that associate RFLP 
haplotype 19 from Dona Ana County, New Mexico of the EASTERN region with the 
CENTRAL region.
Figure 27 Comparison trees: Phylograms from mtDNA COHI sequence data of most 
parsimonious tree of 144 steps versus the shortest tree of 149 steps that has restriction- 
site haplotype 19 from Dona Ana County, New Mexico from the EASTERN region 
associated with the CENTRAL region. Differences are not significant (Wilcoxon signed 
rank test o f character state changes (Larson, 1994; Templeton 1983) ) p= 0.2513. 
Numbered nodes represent branch lengths/steps. Localities are by County, State (RFLP 
haplotype number) (Figure 21, Table 16, and Appendix F). Biogeographic regions are as 
given in Figure 25.
Figure 28 Comparison of haplotype diversity, nucleotide diversity, and nucleotide
divergence for Sceloporus magister mtDNA ND2/C0I restriction-site data as generated 
by REAP v4.0 (McElroy et al., 1991) within the WESTERN region. W.nw: 
WESTERN.northwest region representing the Great Basin/Owens Valley W.ne: 
WESTERN.northeast region representing the eastern Mojave/Westem Colorado Plateau 
W.s: WESTERN.south region representing the southwestem Mojave/San Joaquin 
Valley. The solid line indicates reduced divergence/diversity between the 
WESTERN.south and WESTERN.northwest regions with respect to either region and the
WESTERN.northeast region (dashed lines). A=haplotype diversity k=nucleotide 
divergence )r=nucleotide diversity
Figure 29 Area cladogram for Sceloporus magister consistent with a mixed
hierarchical model of Pliocene vicariant isolation spatially constraining subsequent 
molecular population structure. A: Model of regional endemism for 5. magister 
supported by this study. Symbols represent Pliocene/early Pleistocene events that have 
putatively isolated adjacent regional populations: 1: San Gorgonio constriction- 
PENINSULAR and \^ S T E R N  regions 2: Bouse Embayment-WESTERN and 
CENTRAL regions. Shaded triangle represents subtructuring within the WESTERN 
region that is consistent with late Pleistocene distributional fluctuations. W.ne: 
WESTERN.northeast W.nw: WESTERN.northwest W.s: WESTERN.south ? 
indicates uncertain position of the WEST.northeast clade with respect to the rest of the 
WESTERN clade. Dashed line: Testable phylogenetic hypothesis for S. zosteromus that 
is consistent both with Grismer's (1994) northern Pliocene vicariant complex and the 
geological area cladogram (Figure 1) presented in Chapter I. B: Tentative model of 5. 
magister regional endemism that is consistent both with geological history (Figure 1 ) and 
molecular data from desert rodents (Riddle, 1995; 1996). 3: Uplifting of the southern 
Rocky Mountains and/or Sierra Madre Occidentals-CENTRAL and EASTERN regions. 
Dashed line: Testable phylogenetic hypothesis of Pliocene/early Pleistocene vicariant 
separation of EASTERN and CENTRAL S. magister by the southern Rocky Mountains.
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Table 16 Restriction site matrix for S. magister mtDNA ND2/C0I restriction-site 
data including localities (Figure 21) of haplotypes. Restriction-site characters are given 
in binary form where l=present and O^absesent. Only variable, non-autopomorphic sites 
are shown. See Appendix A for specimen information.
Table 17 Frequencies of Sceloporus magister mtDNA ND2/COI restriction site 
haplotypes. Frequencies are given as percentages o f total animals per county. Where a 
county encompasses more than one regional desert, I have split the samples by desert.
Table 18 Upper diagonals: Distance matrix o f mtDNA COm  nucleotide sequence 
data obtained from the algorithm of Tamura and Nei (1993) as implemented in MEGA 
v.1.0 (Kumar et al. 1993). Minimum non-zero pair-wise divergence was 2.4% between 
the two Inyo County, California samples (RFLP haplotypes 7 and 13). The maximum 
xntxa-Sceloporus magister pair-wise divergence was 14.2% between one of the Inyo 
County, California specimens (RFLP haplotype 7)and the Sonoran desert region of 
Mohave County, Arizona (RFLP haplotype 12). Maximum pair-wise divergence was 
25.4% between the S. zosteromus sample and Inyo, California RFLP haplotype 13.
Lower diagonals: Distance matrix of mtDNA N D 2/C0I RFLP data obtained from the 
algorithm of Nei and Miller (1990) as implemented in RESTSITE vl.2 (Miller, 1991). 
Minimum non-identical (non-zero) divergence was 0.3% within Dona Ana County, New 
Mexico (RFLP haplotypes 3 and 19). Likewise, the maximum divergence between 
haplotypes was 11.0% between Hidalgo County, New Mexico (RFLP haplotype 1) and 
the Mojave desert portion of Mojave County, Arizona (RFLP haplotype 24). Only 
samples also used in COHI sequencing analysis are shown. See Appendix G for full 
distance matrix.
Table 19 Summary of nucleotide substitutions from a 396bp stretch of the mtDNA 
COIH gene of Sceloporus magister plus exemplar sequences from S. orcutti and S. 
zosteromus. Pair-wise comparisons include transition/transversion ratios, total 
transitions, total transversions, total substitutions, and total base pairs compared using 
Tamura and Nei's (1993) algorithm as implemented in MEGA v.1.0. (Kumar et. al.,
1993). Localities are by County, State (Locality number, RFLP haplotype number) as 
given in Figure 21, Table 16 and Appendix F.
Table 20 Summary of Sceloporus magister mtDNA ND2/C0I restriction-site
nucleotide diversity and nucleotide divergences within and among regions as generated 
from REAP v4.0 (McElroy et al., 1991).
Table 21 Summary of nucleotide diversity and nucleotide divergences within the
WESTERN region as generated from REAP using the same ND2/C0I dataset as Table 
20. W.ne: WESTERN.northeast. W.nw: WESTERN.northwest. W.s: 
WESTERN.south.
Appendix F Sceloporus magister specimens examined for this study. Further locality 
information is available upon request. LSUMVZ = Louisiana State University Museum 
of Vertebrate Zoology. LVT=Las Vegas Tissue, specimens housed in Laboratory of 
Molecular Systematics, University of Nevada, Las Vegas. RWM=Tissue from the 
collection of Dr. Robert W. Murphy via Dr. Tod Reeder, San Diego State University. 
MVZ=Tissue from the Museum of Vertebrate Zoology via Dr. Tod Reeder, San Diego 
State University.
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Appendix G Distance matrix generated from RFLP data by RESTSITE v. 1.2 (Miller, 
1991) for Sceloporus magister from 2150 bp of the mtDNA ND2/COI gene.
Haplotypes are by County, State (Locality number, RFLP number). Restriction-site 
haplotypes can be cross-referenced with sample and locality data in Table 16, Figure 21, 
and Appendix A. Asterisks represent haplotypes used for COHI sequences.
Appendix H  Aligned sequence data for Sceloporus magister from a 396bp stretch of 
the c o m  mtDNA gene. Individuals represent 1-2 individuals per desert region of the 
western United States. Sequences are listed by County, State (RFLP haplotype) 
Sceloporus orcutti is used as an outgroup.
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Figure 20 Distributions of Sce/oporwj and S. zosteromus
p_^ with sample localities used in this study
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Figure 21a Sceloporus magister s a m p le  lo c a l i t ie s
28
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Figure 21 b Sceloporus magister R F L P  h a p lo ty p e  lo c a l it ie s
S JO
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Figure 23 I s o p h e n e s  o f  Sceloporus m agister  N D 2 /C O I  U P G M A  d ata
«•
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Figure 26 5% Near parsimonious trees that associate 
Dona Ana County, with the CENTRAL region
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Figure 27 Comparison trees: most parsimonious tree versus shortest tree that associates Dona Ana County, 
New Mexico of the EASTERN region with the CENTRAL region (Branch and Bound algorithm)
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Figure 29 B io g e o g r a p h ic  a rea  c la d o g r a m s  fo r  Sceloporus magister
A PENINSULAR I Sccloporus mugister
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T able 16 continued
G r o u p  1 ; 3 7 5 , 6 8 1 , 6 8 2 , 6 8 5 , 6 8 6 , 687
G r o u p  3 : 4 6 6 , 4 6 8 , 4 6 9 , 4 7 9 , 4 8 0 , 4 8 3 , 6 3 1 , 6 3 2 , 6 3 3 , 6 3 5 ,  6 5 4 ,  6 5 5 ,  6 5 6 ,  6 5 7 ,
6 5 8 ,  6 6 8 , 6 6 9 , 6 7 0 , 6 9 1 , 6 9 2 , 6 9 3 , 7 1 0 , 7 1 1 , 7 1 5 , 7 3 4 , 2 2 4 7 ,  2 2 6 6 , 2 2 6 7 ,  2 2 6 8
G r o u p 6 : 6 4 6 , 6 4 8 , 7 2 3
G r o u p  7 : 6 4 9 , 6 7 1 , 6 7 2 , 6 7 3 , 6 7 4
G r o u p  8 : 6 6 1 , 6 6 2 , 6 6 3 , 6 6 4 , 6 6 5 , 7 31
8
5  E n z y m e s  1 :  Bsp  1 2 8 6 1  2 :  Ddel 3:HaeII  4: Hhal 5 :  H i n c l l , 6 :  Hi n f l ,  7 ;  Wi»oI , 8 :  W s p l 9 :  K s a l
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Table 17 Frequency of Sceloporus magister RFLP haplotypes by County 
Regional RFLP Hapiotype Number
Desert Localities State County 1 2 3 4 5 6 7 8 9
ECP 17 Arizona Coconino
WCP 14 Arizona Coconino _ 1.00
Sonoran 18,23,24 Arizona Maricopa 0.25
Mojave 11,15,21 Arizona Mohave 0.50
Sonoran 20 Arizona Mohave _
Sonoran 25 Arizona Pima 0.50
Mojave 4 California Inyo _ _ 0.25 _ _
Mojave 6 California Kern _
Mojave 8 California San Benito
Mojave 3,5,7 California San Bernardino _ 0.11 0.11 0.22 0
Sonoran 19 California San Bernardino
Great Basin 1 Nevada Churchill
Mojave 9,26,27 Nevada Clark 0.82 0.06 _
Great Basin 2 Nevada Esmeralda
Mojave 10 Nevada Lincoln 1.00 _
Mojave 12 Nevada Nye 1.00 _ _ _ _ _
Chihuahuan 16 New Mexico Doha Ana _ 0.11 0.67
Chihuahuan 22 New Mexico Hidalgo 0.50
Mojave 13,28 Utah Washington 0.71
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Table 18 Sceloporus magister COIII sequence and ND2/COI distance matrices
CD
g c o m  Sequences
State s. orcutti NM CA CA CA NM NM AZ NV AZ
5 '
3
C ounty Hidalgo San Bernardino Inyo Inyo Dona Ana Hidalgo Mohave Clark Coconino
H apiotype I 9 13 7 19 20 12 6 21
3
CD
S. zosteromus 0.1923 0.1815 0.2093 0.2546 0.245 0.232 0.1815 0.2053 0.2003 0.1997
8 S. orcutti 0.2072 0.206 0.2272 0.2188 0.2134 0.2072 0.2065 0.1929 0.2141
1 0.127 0.1355 0.1316 0.1157 0 0.0591 0.1167 0.0656
c q '
3" 9 0.0457 0.0365 0.0882 0.127 0.1344 0.0362 0.1233
i 13 0.0239 0.0947 0.1355 0.1273 0.0457 0.1306
3
CD 7 0.0948 0.1316 0.1425 0.0457 0.1307
19 0.1157 0.1302 0.0878 0.1122
?
3. 20 0.0591 0.1167 0.0656
3"
CD 12 0.1239 0.0462
S
■D
O
Q.
C
a
o
6 0.1128
3
■D 0.07352 6
O
3" 0.054276 0.090997 20
CT
1—H
CD
Q.
0.040368 0.024824 0.023876 19
0.059283 0.049287 0.080361 0.052869 7
1—H
3" 0.064577 0.029113 0.059439 0.069626 0.095976 13
O
C_ 0.046416 0.033637 0.086257 0.043081 0.007179 0.089605 12
"O
CD 0.054215 0.046304 0.092535 0.074563 0.055185 0.0035 0.06299 9
1 0.046738 0.087572 0.049762 0.079761 0.003601 0.049967 0.045042 0.083624 1
(/)
o' Hapiotype 21 6 20 19 7 13 12 9
3 County Coconino Clark Hidalgo Dona Ana Inyo Inyo Mohave S. Bernardino
State AZ NV NM NM CA CA AZ CA
ND2/C0I RFLPS o\
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Table 1 9  Summary o f  Sceloporus m agister pairwise nucleotide substitutions from mtDNA COIII sequences
S t a t e S. orcutti NM CA CA CA m m AZ NV AZ
County Hidalgo San Bernardino Inyo Inyo Dona Ana Hidalgo Mohave Clark Coconino
Hapiotype 1 9 1 3 7 1 9 2 0 1 2 6 21
S. zosteromus 0 . 1 9 2 3 0 . 1 8 1 5 0 . 2 0 9 3 0 . 2 5 4 6 0 . 2 4 5 0 . 2 3 2 0 . 1 8 1 5 0 . 2 0 5 3 0 . 2 0 0 3 0 . 1 9 9 7
S. orcutti 0 . 2 0 7 2 0 . 2 0 6 0 . 2 2 7 2 0 . 2 1 8 8 0 . 2 1 3 4 0 . 2 0 7 2 0 . 2 0 6 5 0 . 1 9 2 9 0 . 2 1 4 1
1 0 . 1 2 7 0 . 1 3 5 5 0 . 1 3 1 6 0 . 1 1 5 7 0 0 . 0 5 9 1 0 . 1 1 6 7 0 . 0 6 5 6
9 0 . 0 4 5 7 0 . 0 3 6 5 0 . 0 8 8 2 0 . 1 2 7 0 . 1 3 4 4 0 . 0 3 6 2 0 , 1 2 3 3
1 3 0 . 0 2 3 9 0 . 0 9 4 7 0 . 1 3 5 5 0 . 1 2 7 3 0 . 0 4 5 7 0 . 1 3 0 6
7 0 . 0 9 4 8 0 . 1 3 1 6 0 . 1 4 2 5 0 . 0 4 5 7 0 . 1 3 0 7
1 9 0 . 1 1 5 7 0 . 1 3 0 2 0 . 0 8 7 8 0 . 1 1 2 2
2 0 0 . 0 5 9 1 0 . 1 1 6 7 0 . 0 6 5 6
1 2 0 . 1 2 3 9 0 . 0 4 6 2
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Table 20 Sceloporus magister  r e g io n a l su m m a r y  s ta tis t ic s
(/)W
o '3
O
8
Region Localities N Hapiotype Diversity Nucleotide Diversity
3 Regions 
EASTERN 16 9 0 .0555610 .16533 0 .005688
CENTRAL 17-25 12 0.94871.05060 0.101423
WESTERN 1-15,26-28 64 0 .796910 .04983 0.054372
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Table 21 Sceloporus magister intraregional summary statistics
%
3 Region Localities N H apiotype Diversity Nucleotide Diversity
œ
O
3
O W ESTERN
CD W ESTER N .northw est 1.2,4 9 0 .6 0 7110 .16398 0.014111
8 W E ST E R N .northeast 9-14,26-28 37 0 .395310 .12790 0 .018683
W ESTER N .south 3,5-8,15 18 0.915010.05004 0.068124
(S'
3 64
i W .nw-W .ne 0.049621
3
CD W ,nw-W .s 0.007938
W .s-W .ne 0 .086135
-jo
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Appendix F Sceloporus magister RFLP haplotype/Iocality data
RFLP
Specimen Locality Hapiotype State County 
Number Number . Number
LSUMZ-48819 22 1 New Mexico Hidalgo
LSUMZ-48843 16 2 New Mexico Dona Ana
LVT-375 16 2 New Mexico Dona Ana
LVT-394 25 4 Arizona Pima
LVT-466 9 5 Nevada Clark
LVT-468 9 5 Nevada Clark
LVT-469 9 5 Nevada Clark
LVT-479 9 5 Nevada Clark
LVT-480 9 5 Nevada Clark
LVT-483 10 5 Nevada Lincoln
LVT-486 9 6 Nevada Clark
LVT-631 9 5 Nevada Clark
LVT-632 9 5 Nevada Clark
LVT-633 9 5 Nevada Clark
LVT-635 9 5 Nevada Clark
LVT-637 3 7 California San Bernardino
LVT-538 3 8 California San Bernardino
LVT-639 3 9 California San Bernardino
LVT-540 3 9 California San Bernardino
LVT-641 3 10 California San Bernardino
LVT-642 19 11 California San Bernardino
LVT-645 20 12 Arizona Mohave
LVT-646 4 13 California Inyo
LVT-647 4 7 California Inyo
LVT-648 4 13 California Inyo
LVT-649 2 14 Nevada Esmeralda
LVT-654 27 5 Nevada Clark
LVT-655 27 5 Nevada Clark
LVT-656 13 5 Utah Washington
LVT-657 13 5 Utah Washington
LVT-658 13 5 Utah Washington
LVT-659 13 15 Utah Washington
LVT-660 13 16 Utah Washington
LVT-661 6 17 California Kern
LVT-662 6 17 California Kern
LVT-663 6 17 California Kern
LVT-664 6 17 California Kern
LVT-665 6 17 California Kern
LVT-668 14 5 Arizona Coconino
LVT-669 14 5 Arizona Coconino
LVT-670 9 5 Nevada Clark
LVT-671 1 14 Nevada Churchill
LVT-672 1 14 Nevada Churchill
LVT-673 1 14 Nevada Churchill
LVT-674 1 14 Nevada Churchill
LVT-679 8 18 California San Benito
LVT-680 8 18 California San Benito
LVT-681 16 3 New Mexico Doha Ana
LVT-682 16 3 New Mexico Doha Ana
LVT-683 16 19 New Mexico Doha Ana
LVT-684 16 19 New Mexico Doha Ana
LVT-685 16 3 New Mexico Doha Ana
LVT-686 16 3 New Mexico Doha Ana
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Appendix F cont inued
LVT-687 16 3 New Mexico Doha Ana
LVT-688 22 20 New Mexico Hidalgo
LVT-691 28 5 Utah Washington
LVT-692 28 5 Utah Washington
LVT-693 11 5 Arizona Mohave
LVT-695 17 21 Arizona Coconino
LVT-696 17 21 Arizona Coconino
LVT-697 17 21 Arizona Coconino
LVT-708 18 22 Arizona Maricopa
LVT-709 18 23 Arizona Maricopa
LVT-710 10 5 Nevada Lincoln
LVT-711 10 5 Nevada Lincoln
LVT-714 9 24 Nevada Clark
LVT-715 27 5 Nevada Clark
LVT-721 7 25 California San Bernardino
LVT-722 5 13 California San Bernardino
LVT-723 5 26 California San Bernardino
LVT-731 6 17 California Kern
LVT-734 11 5 Arizona Mohave
LVT-821 25 27 Arizona Pima
LVT-850 4 28 California Inyo
LVT-2245 15 24 Arizona Mohave
LVT-2246 15 29 Arizona Mohave
LVT-2247 26 5 Nevada Clark
LVT-2248 26 30 Nevada Clark
LVT-2265 3 26 California San Bernardino
LVT-2256 12 5 Nevada Nye
LVT-2267 12 5 Nevada Nye
LVT-2268 12 5 Nevada Nye
LVT-2273 21 31 Arizona Mohave
LVT-2274 23 32 Arizona Maricopa
LVT-2284 24 4 Arizona Maricopa
RWM-974 Sceloporus orcutti California Riverside
MVZ-12971 Sceloporus zosteromus Baja CA. Norte Mexico
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Appendix G Complete Sceloporus magister ND2/C0I RFLP distance matrix
(Locality,Haplotyp*) 
County, Stata (L/H)
(14/1) 
Churchill, NV
(9,26,27) ( W )  (W24) (2M 0) (16/2) 
Clark, NV Clark, NV Clark, NV Clark. NV Doha Ana, NM
(16H) 
Doha Ana, NM
( is n s n
DoAa Ana, NM
Clark. MV (9,26,27/5) 0.024114
Clark, NV (9/6) 0.02826 0.003895
ClarK NV (9/24) 0.039584 0.015872 0.020408
Clark, NV (26/30) 0.031674 0.007756 0.011957 0.007756
Coma Ana. NM (16/2) 0.065525 0.047193 0.052183 0.064525 0.055644
Dorta Ana. NM (16/3) 0.062104 0.038243 0.042867 0.054756 0.046304 0.007018
Doha Ana, NM (16/19) 0.064927 0.041605 0.046304 0.058224 0.049718 0.003402 0.003433
Coconino, AZ (17/21) 0.057542 0.041748 0.046738 0.059419 0.050365 0.04967 0.050849 0.046416
Eamaralda, NV (2/14) 0 0.024114 0.02826 0.039584 0.031674 0.065525 0.062104 0.064927
Hidalgo, NM(22/1) 0.074607 0.081483 0.087572 0.101075 0.090997 0.053192 0.05437 0.049762
Hidalgo, NM (22/20) 0.07799 0.084822 0.090997 0.094403 0.084822 0.056367 0.057546 0.052865
Inyo. CA (4/7) 0.006977 0.024824 0.029113 0.040805 0.032626 0.075578 0.071621 0.074563
Inyo, CA(4/13) 0.010733 0.029113 0.033637 0.045763 0.037232 0.081019 0.076752 0.079761
Inyo, CA(4/2S) 0.014507 0.015624 0.019807 0.031698 0.023479 0.054873 0.050849 0.053931
Ktm. CA(6/17) 0.011812 0.033205 0.037635 0.049185 0.041006 0.074381 0.070423 0.073366
Uncoln,NV(10/5) 0.024114 0 0.003895 0.015872 0.007756 0.047193 0.038243 0.041605
Maricopa, AZ (16/22) 0.048465 0.052911 0.058385 0.071753 0.062075 0.069942 0.062884 0.065973
Maricopa, AZ (23/32) 0.060152 0.065086 0.070661 0.083666 0.074136 0.064073 0.065252 0.060653
Maricopa. AZ (24/4) 0.047594 0.051561 0.056477 0.068483 0.059822 0.05227 0.053449 0.049306
Maricopa. AZ (18/23) 0.044353 0.048279 0.053795 0.067506 0.057631 0.064392 0.057174 0.060404
Mohava,AZ(11/5) 0.024114 0 0.003895 0.015872 0.007756 0.047193 0.036243 0.041605
Mohava, AZ (20/12) 0.040382 0.044209 0.049287 0.062075 0.052911 0.038652 0.03983 0.043081
Mohavt,AZ(11/5) 0.024114 0 0.003895 0.015872 0.007756 0.047193 0.038243 0.041605
Mohava, AZ (15/24) 0.050991 0.02422 0.028885 0.008348 0.016105 0.064525 0.054756 0.058224
Mohava, AZ (15/29) 0.050991 0.02422 0.028885 0.008348 0.016105 0.064525 0.054756 0.058224
Mohava, AZ (21/31) 0.039234 0.042867 0.047748 0.060086 0.051264 0.037525 0.038703 0.041869
Nya, NV(12/5) 0.024114 0 0.003895 0.015872 0.007756 0.047193 0.038243 0.041605
Pima, AZ (25/4) 0.047594 0.051561 0.056477 0.068483 0.059822 0.05227 0.053449 0.049306
Pima, AZ (25/27) 0.051867 0.056511 0.062075 0.075486 0.06574 0.073087 0.065973 0.069049
San Banfto. CA (6/18) 0.018938 0.020434 0.016616 0.037764 0.028885 0.061679 0.057174 0.060404
San Bernardino, CA (3/26) 0.014924 0.016105 0.020434 0.032728 0.02422 0.065004 0.060404 0.063617
San Bamardlno, CA (7/25) 0.01469 0.025578 0.022021 0.042104 0.033637 0.077896 0.073734 0076752
San Bamardlno, CA (5/26) 0.014924 0.016105 0.020434 0.032726 0.02422 0.065004 0.060404 0.063617
San Bamardlno, CA (5/13) 0.006977 0.024824 0.029113 0.040805 0.032626 0.075578 0.071621 0.074563
San Bamardlno, CA (3,7) 0.010733 0.029113 0.033637 0.045763 0.037232 0.081019 0.076752 0.079761
San Bamardlno, CA (3,8) 0.016938 0.020434 0.02501 0.037764 0.028885 0.061679 0.06557 0.068856
San Bamardlno, CA (3,9) 0.003404 0.020751 0.024824 0.036117 0.02826 0.070422 0.066745 0.069626
San Bamardlno, CA (3,10) 0.010633 0.011429 0.015366 0.026794 0.018938 0.060052 0.051123 0.054215
San Bamardlno, CA (19,11) 0.045042 0.040648 0.045639 0.058385 0.049287 0.066784 0.059784 0.062884
Washington. UT(13.26«) 0.024114 0 0.003895 0.015872 0.007756 0.047193 0.038243 0.041605
Washington, 07(13,15) 0.036117 0.011957 0.0164 0.029287 0.020408 0.052183 0.051264 0.054756
Washington. UT (13/16) 0.02826 0.003895 0.008007 0.020406 0.011957 0.043786 0.042867 0.046304
Coconino, AZ (14/5) 0.024114 0 0.003895 0.015872 0.007756 0.047193 0.038243 0.041605
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Appendix G con tinu ed
(17/21') (2/14) (22/1') (2200') (40') (4/13') (400) (0/17) (10/5) (1002) (2302)
Coconino. AZ E inw raid». NV HIdWgo, NM Hidalgo, NM Inyo, C *  Inyo. CA Inyo. CA K om .CA  Uncoln.NV M iricopa.A Z M vicop« ,A Z
0.057542
0.054215
0.07352
0.059263
0.064577
0.040495
0.070228
0.041748
0.04919
0.04462
0.074807
0.07799
0.006977
0.010733
0.014507
0.011812
0.024114
0.048465
0.060152
0.023876
0.086257
0.092535
0.079008
0.095907
0.081483
0.042322
0.038862
0.089605
0.095976
0.082248
0.099112
0.084822
0.054145
0.021099
0.003601
0.014924
0.005004
0.024824
0.058779
0.070676
0.018938
0.008694
0.029113
0.064417
0.076413
0.021256
0.015624
0.051264
0.063143
0.033205
0.067845
0.07892
0.052911
0.065088 0.03004
0.032577 0.047594 0.049592 0.030629 0.056908 0.061949 0.050103 0.065027 0.051561 0.033661 0.009688
0.055735 0.044353 0.038617 0.050709 0.054748 0.060438 0.046738 0.06327 0.048279 0.003998 0.034261
0.041748 0.024114 0.081483 0.084822 0.024824 0.029113 0.015624 0.033205 0 0.052911 0.065088
0.040368 0.040382 0.059439 0.06299 0.049967 0.055185 0.042867 0.059033 0.044209 0.033637 0.054653
0.041748 0.024114 0.081483 0.084822 0.024624 0.029113 0.015624 0.033205 0 0.052911 0.065088
007261 0.050991 0.116914 0.110025 0.052543 0.057676 0.041748 0.041379 0.02422 0.086492 0.097181
0.07261 0.050991 0.116914 0.110025 0.052543 0.057676 0.041748 0.041379 0.02422 0.086492 0.097181
0.039133 0.039234 0.057609 0.061051 0.048465 0.053472 0.041605 0.057241 0.042867 0.040805 0.053222
0.041748 0.024114 0.081483 0.084822 0.024824 0.029113 0.015624 0.033205 0 0.052911 0.065088
0.032577 0.047594 0.049592 0.030829 0.056908 0.061949 0.050103 0.065027 0.051561 0.033661 0.009688
0.052898 0.051867 0.045746 0.057609 0.062351 0.068084 0.054756 0.07127 0.056511 0.011488 0.033661
0.055735 0.018938 0.087572 0.090997 0.027634 0.032361 0.019751 0.0343 0.020434 0.058385 0.070661
0.050365 0014924 0.090997 0.094403 0.007909 0.011769 0.007521 0014461 0.016105 0.062075 0.074136
0.061137 0.01469 0.089076 0.092535 0.007393 0.011395 0.023167 0.012577 0.025578 0.060727 0.072932
0,050365 0.014924 0.090997 0.094403 0.007909 0.011769 0.007521 0.014461 0.016105 0.062075 0.074136
0059283 0.006977 0.086257 0.089605 0 0.003601 0.014924 0.005004 0.024824 0.058779 0.070676
0064577 0.010733 0.092535 0.095976 0.003601 0 0.016938 0.008694 0.029113 0.064417 0.076413
0.055735 0.016938 0.097577 0.101075 0.011769 0.015835 0.011583 0.018435 0.020434 0.067993 0.080134
0.054276 0.003404 0.080361 0.083824 0.0035 0.007179 0.011108 0.008418 0.020751 0.053472 0.065267
0.054276 0.010633 0.080361 0.083624 0.010929 0.014713 0.02017 0.016844 0.011429 0.053472 0.065267
0.03669 0.045042 0.04715 0.050658 0.046441 0.051569 0.039408 0.055659 0.040648 0.011856 0.02639
0041748 0.024114 0.081483 0.084822 0.024824 0.029113 0.015624 0.033205 0 0.052911 0.065088
0.055735 0.036117 0.097577 0.101075 0.037232 0.042104 0.027975 0.045755 0.011957 0.067993 0.080134
0046738 0.02826 0.087572 0.090997 0.029113 0.033637 0.019807 0.037635 0.003895 0.058385 0.070661
0.041748 0.024114 0.081483 0.084822 0.024824 0.029113 0.015624 0.033205 0 0.052911 0.065088
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Appendix G con tinu ed
(24/4) (1803) (11/5) (20/12*) (11/5) (1504) (15/29) (21/31) (120) (25/4) (2507)
M flco p K  AZ Mmrlcopa. AZ M o/iiv t.A Z  M oh«v».*2  Mo>i»v»,AZ M ohmv,,*Z M o h iw .A Z  M o tn w .A Z  Ny».NV P ltn i,A Z  PIm#. AZ
0.03789
0.051561 0.048279
0.041784 0.029251 0.044209
0.051561 0.048279 0 0.044209
0.081813 0.081308 0.02422 0.076814 0.02422
0.081813 0.081308 0.02422 0.076814 0.02422 0
0.04061 0.03669 0.042867 0.007457 0.042867 0.074392 0.074392
0.051561 0.048279 0 0.044209 0 0.02422 0.02422 0.042867
0 0.03789 0.051561 0.041784 0.051561 0.081813 0.081813 0.04061 0.05156
0.037252 0.015656 0.056511 0.045763 0.056511 0.090005 0.090005 0.036117 0.05651 0.037252
0.056477 0.053795 0.020434 0.049287 0.020434 0.048279 0.048279 0.047748 0.02043 0.056477 0.062075
0.059822 0.057631 0.016105 0.052911 0.018105 0.043083 0.043083 0.051264 0.01611 0.059822 0.06574
0.058609 0.056613 0.025578 0.051569 0.025578 0.054196 0.054196 0.049967 0.02558 0.058609 0.064417
0.059822 0.057631 0.016105 0.052911 0.016105 0.043083 0.043083 0.051264 0.01611 0.059822 0.06574
0.056908 0.054748 0.024824 0.049967 0.024824 0.052543 0.052543 0.048465 0.02482 0.056908 0.062351
0.061949 0.060438 0.029113 0.055185 0.029113 0.057676 0.057676 0.053472 0.02911 0.061949 0.068084
0.065088 0.063602 0.020434 0.049287 0.020434 0.048279 0.048279 0.047748 0.02043 0.065088 0.071753
0.052131 0.049398 0.020751 0.045042 0.020751 0.047687 0.047687 0.043727 0.02075 0.052131 0056957
0.052131 0.049398 0.011429 0.045042 0.011429 0.036117 0.036117 0.043727 0.01143 0.052131 0.056957
0.03004 0.016161 0.040648 0.038421 0.040648 0.07335 0.07335 0.037232 0.04065 0.03004 0.015747
0.051561 0.048279 0 0.044209 0 0.02422 0.02422 0.042867 0 0.051561 0.056511
0.065088 0.063602 0.011957 0.049287 0.011957 0.037764 0.037764 0.039408 0.01196 0065088 0.062075
0.056477 0.053795 0.003895 0.040648 0.003895 0.028885 0.028885 0.039408 0.0039 0.056477 0.062075
0.051561 0.048279 0 0.044209 0 0.02422 0.02422 0.042867 0 0.051561 0.056511
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Appendix G con tinu ed
(V18) (M S ) (7/25) (M S ) (5713) ( 3 ^  (3 « )
SanB antto ,C A  San B f iw d in o .  CA San B f n a rd in o ,  CA S an  B am afdino. CA San B am ardlno , CA San Bam ardlno. CA S an  B am ard lno , CA
0.020406
0.020127 0.015835
0.020408 0 0.015835
0.027634 0.007909 0.007393 0.007909
0.032361 0.011769 0.011395 0.011769 0.003601
0.025218 0.003895 0.020127 0.003895 0.011769 0.015835
0.023167 0.011429 0.011054 0.011429 0.0035 0.007179 0.015366
0.032626 0020751 0.018695 0.020751 0.010929 0.014713 0.024824
0.05467 0.049287 0.047932 0.049287 0.046441 0.051569 0.05467
0.020434 0-016105 0.025578 0016105 0.024824 0.029113 0.020434
0.033828 0.028885 0.038421 0.028885 0.037232 0.042104 0.02501
0.02501 0-020434 0.030019 0.020434 0.029113 0.033637 0016616
0.020434 0.016105 0.025578 0.016105 0.024824 0.029113 0.020434
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Appendix G continued
(**■) (»10) (18/11) (13J8/5) (13/15) (13/18)
S«n B fn a rd ln o , CA S in  B m iird ln o . C *  S «n  B n m w d n o , CA W iiW ngten . UT W M hlngten , UT WM hlnglon, UT
0.007328
0.0416 0.0416
0.020751 0.011429 0.040648
0.032626 0.023167 0.05467 0.011957
0.024824 0.015366 0.045639 0.003695 0.008007
0.020751 0.011429 0.040648 0 0.011957 0.003895
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CHAPTER 4
HISTORICAL BIOGEOGRAPHY AND MOLECULAR POPULATION 
STRUCTURE IN A WIDE-RANGING, NON-TERRITORIAL DESERT LIZARD, 
GAMBELIA IV/SL/ZEN/ (CROTAPHYTIDAE) 
Abstract
Intraspecific phytogeny and regional population structure of the long-nosed 
leopard lizard (Gambelia wislizeni) was examined using 384 base pairs of sequence from 
the mtDNA COIII gene across 16 individuals from populations representing five deserts 
in western North America. Intraspecific population structure was compared with three 
biogeographic models: 1) SHALLOW: late Pleistocene to Recent gene flow among 
populations (possibly in conjunction with recent range expansions from southern 
Pleistocene réfugia); 2) DEEP: a temporally longer (Pliocene/early Pleistocene) episode 
of population subdivision among southwestern desert regions designated as WESTERN 
(Mojave + Great Basin + Colorado Plateau deserts); CENTRAL (Sonoran desert) + 
EASTERN (Chihuahuan desert); and 3) NESTED: a combination of both models with 
population structure consistent with the first model nested within a deeper, regional 
phylogeographic structure consistent with the second model. Phylogenetic analysis 
suggested subdivision of haplotypes into three reciprocally monophyletic geographic 
groups separated from one another by approximately 6% sequence divergence: 
EASTERN (Chihuahuan desert), CENTRAL (Sonoran desert), and WESTERN (Mojave 
+ Great Basin deserts). These phylogeographic breaks are consistent with several 
Pliocene to early Pleistocene events postulated to have fragmented arid and semi-arid
181
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biotas into separate regional biotas. The WESTERN clade contained three sub-clusters 
representing the following clades separated from one another by approximately 3% 
sequence divergence: WESTERN.south (Mojave desert); WESTERN.northwest (western 
Great Basin desert); and WESTERN.northeast (eastern Great Basin desert). Two 
possibilities exist for this sub-structuring: I) Long-term persistence of G. wislizeni 
lineages in the Great Basin; or 2) recent dispersal into the Great Basin by independent 
G. wislizeni source populations from the Mojave desert. Although additional sampling is 
required to test these alternatives, these data are consistent with the NESTED model. 
These result are also consistent with assessments of the biogeographic histories of several 
other arid-dwelling reptiles and mammals.
Introduction
Historical biogeography concentrates on reconstructing the association between 
historical (geological, climatic, and ecological) events and the contemporary distributions 
of organisms (Brooks and McLennan 1991; Myers and Giller 1988; Platnick and Nelson 
1978). As defined, historical biogeography is not formally constrained by specific spatial 
or temporal scales. An increasing emphasis on reconstructing the biogeographic history 
of continental biotas has revealed deep phylogenetic histories (Cracraft 1988; Dodson et 
al. 1995; Joseph and Moritz 1994; Moritz et al. 1993; Patton etal. 1994; Riddle 1995) 
that appear to refute models that assume late Pleistocene range shifting (e.g. Axtell 1972; 
Brown 1995; Findley 1969; Graham 1986; Hubbard 1974; Schmidly er a/. 1994; Tanner 
and Ban ta 1977) is the primary mechanism for defining contemporary species 
distributions.
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Vicariance biogeography postulates that suites of ancestrally widespread, 
sympatric taxa were simultaneously isolated by common events (Myers and Giller 1988). 
Under this hypothesis, one predicts congruent patterns of biogeographic structuring 
across suites of co-occurring organisms (Avise 1992; Avise 1994; Morrone and Crisci 
1995; Riddle 1995). Biogeographic concordance across independently evolving taxa in 
turn suggests the evolution of endemic regional biotas (Avise 1992; Cracraft 1991;
Hafner and Riddle 1997). Molecular data have recently provided rigorous assessments of 
biogeographic hypotheses for both reptiles and mammals of the western United States 
(Chapters 2 and 3, Jones et at. unpubl. data; Lamb et al. 1989; Lamb et al. 1992; Riddle 
and Honeycutt 1990; Riddle etal. 1993; Zamudio etal. unpubl. data). Of these studies, 
only those of Riddle (1995; 1996) and Lamb et al. (1992) and Chapters 2 and 3 of this 
dissertation have explicitly compared biogeographic histories across co-distributed taxa. 
For example, studies of collared lizards {Crotaphytus, Chapter 2), desert spiny lizards 
(Sceloporus magister, Chapter 3), and desert homed lizards (Phrynosoma platyrhinos) 
(Jones et al., unpubl. data) have demonstrated a nested structure of recent population 
fluctuations spatially constrained by a preexisting regional population structure. These 
species have regional populations that appear to have been vicariantly isolated by 
Pliocene/early Pleistocene events such as the northward encroachment of the Gulf of 
California that formed the Bouse Sea (e.g. Norris and Webb 1976; Smith 1970).
Moreover, Crotaphytus, S. magister and P. platyrhinos all demonstrate evidence of 
multiple episodes of secondary contact in southern populations followed by subsequent 
recolonization of northern regions during Pleistocene glacial minima. While this growing 
body of work has suggested congruent phylogeographic structuring among mammalian 
and reptilian taxa, other lizards (Lamb, et al. 1992) exhibit incongruent patterns, 
indicating that there is a complex biogeographic history of the region. For example, 
desert iguanas {Dipsosaurus dorsalis) and Chuckwallas (Sauromalus obesus) (both from
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Lamb, et al. 1992) exhibit patterns of shallow population structure of high diversity, but 
little divergence across their distributions.
Absence of P. platyrhinos from the eastern deserts limited direct comparisons 
with the Crotaphytus and S. magister studies. However, S. magister and Crotaphytus are 
widely distributed throughout the arid regions of western North America and both 
manifest evidence of regional endemism consistent with Pliocene/early Pleistocene 
vicariant separation of geographically proximate populations into WESTERN, 
CENTRAL, and EASTERN clades (Chapters 2 and 3). Comparisons of C. collaris and 
S. magister sequences from the Chihuahuan (EASTERN clades) and Sonoran 
(CENTRAL clades) deserts revealed striking differences in intraspecific levels of 
molecular divergence as well as phylogenetic positioning of peripheral populations.
Thus, although there is a clear signal of regional endemism, differences in life-history 
and ecological specificity across sympatric taxa produce different phylogeographic 
structures within each regionally circumscribed clade. In this study, I directly compare 
the long-nosed leopard lizard, Gambelia wislizeni with the previously mentioned lizard 
species to continue the comparative investigation of intraspecific biogeography within 
arid-dwelling lizards of the western United States.
Gambelia wislizeni (Crotaphytidae: Baird and Girard 1852) is a medium sized 
ambush predator (Parker and Pianka 1976; Tollestrup 1979). Found throughout the arid 
regions of western North America, Gambelia requires open space for running combined 
with patchy scrub for cover (Figure 30, Stebbins 1985; Tanner and Banta 1963). Found 
in a variety of arid ecosystems, Gambelia wislizeni is considered one of four core 
ubiquitous lizard species of the western deserts (Pianka 1986). Unlike many lizard 
species, including the confamilial Crotaphytus, G. wislizeni is non-territorial and lacks 
male display coloration and behavior; although there is a size dimorphism with female G. 
wislizeni generally comprising the larger sex (Montanucci 1970; Parker and Pianka
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1976). Non-territoriality along with the above-mentioned penchant for running suggest 
that G. wislizeni may be able to rapidly disperse across suitable habitat (Alcock 1989; 
Pianka 1986).
Gambelia wislizeni has a long and confusing taxonomic history (McGuire 1996). 
Indeed, the original taxonomic designation was contained within the genus Crotaphytus 
as Crotaphytus wislizeni (Baird and Girard 1852). Most o f the controversy focused on 
whether or not morphological, ecological, and/or behavioral differences were of 
sufficient magnitude to warrant generic status. Only with the advent of biochemical 
techniques such as allozymes did generic status become widely accepted (Montanucci et 
al. 1975; Tanner and Banta 1977). G. wislizeni is the most widely distributed member of 
the genus, with other species endemic to Baja, California (G. copei), the Central Valley 
of California (G. silus) or known from a single Pliocene fossil from Anza-Borrego, 
California (G. corona). Previous work has noted subspecific variation within G. wislizeni 
(e.g. Banta and Tanner 1968; Tanner and Banta 1963; Tanner and Banta 1977), but 
McGuire (1996) followed Montanucci (1978) in considering subspecific variation within 
G. wislizeni as pattern classes (sensu Frost etal. 1992) as well as providing evidence for 
a sister-taxon relationship between the Baja endemic G. copei and the predominantly 
mainland G. wislizeni. Therefore, this paper will consider G. wislizeni as a monophyletic 
unit appropriate for biogeographic analysis. Given the logistical or legal difficulties of 
obtaining G. copei and G. silus, representatives of the sister genus Crotaphytus (C. 
collaris and C  bicinctores) will be used as outgroups where appropriate.
Given its taxonomic recency as a genus separate from Crotaphytus, there have 
been few biogeographic hypotheses formulated for Gambelia. As noted above, G. 
corona is known from the Pliocene, corroborating a previous hypothesis of a Pliocene 
split for Crotaphytus!Gambelia (Montanucci, et al. 1975). There are two biogeographic 
summaries specific to G. wislizeni. Grismer (1994) considered G. wislizeni and G. copei
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sister-taxa with G. copei a member of a northern Pliocene vicariant complex isolated by 
late Tertiary events producing a transgression of marine seas known as the Bouse 
Embayment and a geological uplifting known as the San Gorgonio constriction (Atwater 
1970; Lucchitta 1979; Norris and Webb 1976) (Figures I and 3). Conversely, Tanner and 
Banta (1977), considering only a single wide-spread G. wislizeni, postulated an origin in 
the highlands of central Mexico followed by a late Pleistocene expansion through the Rio 
Grande valley and southern Arizona and California with independent colonization of 
Baja, the Mojave, and Great Basin regions.
Previous work on o f arid-dwelling lizards have revealed patterns of recent 
distributional fluctuations that are spatially constrained by a preexisting regional 
population structure consistent with late Tertiary physiographic and ecological features 
limiting dispersal between adjacent regional populations (Chapters 2 and 3, Jones et al., 
unpubl. data; but see Lamb et al., 1992). This NESTED scenario o f taxonomic response 
to historical events extended the DEEP and SHALLOW history models synthesized by 
Riddle (1996). Paleoclimatic data (e.g. Jones et al., unpubl. data; Chapter 2, Appendix E; 
Chapter 3) have been previously utilized to correlate regional mtDNA divergence and 
diversity with fluctuations in suitable lizard habitat during the late Pleistocene.
Gambelia wislizeni shares ecological and/or distributional affinities with Crotaphytus, P. 
platyrhinos and S. magister, along with comprising one of Pianka's (1986) core 
ubiquitous species of the western deserts. It is therefore appropriate to investigate 
whether G. wislizeni exhibits phylogeographic (e.g. historical biogeographic) structure 
similar to other western herpetofauna (Chapters 2 and 3Jones, et al. unpubl. data; Lamb, 
et al. 1989).
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Materials and Methods
Laboratory methods
A total of 16 individuals of G. wislizeni from 16 localities (one sample per 
locality) were examined for this study (Figure 31, Appendix I). Total genomic DNA was 
isolated according to established protocols (Dowling et al. 1996; Hillis et al. 1996a). A 
757bp fragment including the cytochrome oxidase subunit 3 (COIII) gene was used to 
obtain nucleotide sequence data from these sixteen individuals using previously 
published primers (Riddle, et al. 1993).
Nucleotide sequence data were obtained from one representative from each of the 
sixteen sample localities (Figure 31) along with one sequence each of Crotaphytus 
bicinctores and C. collaris as outgroups. Protocols were modified from the cycle 
sequencing method outlined by Hillis et al. (1996a). I obtained approximately 380 
readable bases that were aligned and translated to amino acid sequence (using MacVector 
3.5) for verification of reading frame integrity. Sequences were deposited in Genbank 
under accession numbers XX to XX.
Data Analysis
Sequence divergence was calculated pairwise among samples using the method of 
Tamura and Nei (1993) as implemented in MEGA (Kumar et al. 1993). Crotaphytus 
bicinctores and C. collaris were used as outgroups in phylogenetic analyses. The 
resulting distance matrix was used to generate a neighbor-joining tree (Saitou and Nei 
1987). Sequence divergence was plotted against transitions, transversions, total 
substitutions, and transition/transversion ratios in order to identify the potential bias 
introduced by multiple hits at a site for affecting subsequent phylogenetic analyses. As 
an independent assessment of the phylogeny obtained by the neighbor-joining method,
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nucleotide sequences were used to produce maximum-parsimony phylogenetic 
hypotheses via the Branch and Bound algorithm of PAUP 3.1.1 (Swofford 1991). For 
both sets of analyses, support for phylogenetic nodes was obtained by bootstrapping 
(Felsenstein 1985; Hedges 1992). I next explored the robustness of the most 
parsimonious tree by examining alternative topologies of near parsimonious trees, and 
conducted Wilcoxon signed rank tests on character-state changes between the most 
parsimonious tree and several biologically plausible alternative topologies (Larson 1994; 
Templeton cr a/. 1995).
Results
Patterns of variation and phylogenetic structure
Nucleotide sequence variation, distances and trees
Sixteen individuals each representing a sample locality varied at 47 of 384 
nucleotide sites from the COIII mtDNA gene (Table 22, Appendix I). The number of 
nucleotide positions that differed among individual specimens and corresponding percent 
divergence ranged from 0.3% (Clark County, Nevada haplotype 8 and San Bernardino 
County, California haplotype 16) to 7.02% (between Clark County, Nevada haplotype 8 
and Yuma County Arizona haplotype 11) (Figure 31 and Table 2 2 ). The four sequences 
from the Chihuahuan desert (Figure 30, haplotypes 12, 13, 14, 15) were identical. Intra- 
regional divergences (0-1.3%) were much less than interregional divergences (2.6-6.4%) 
(Tables 9 and 10). Plots of nucleotide sequence divergence versus transitions, 
transversions, and especially total substitutions were approximately linear (Figure 32, 
Table 22). There was little evidence for bias or saturation of substitutions within 
Gambelia wislizeni. Nucleotide sequence divergence values were calculated using 
Tamura and Nei's algorithm (1993) Large distances ( 19-25%) separated G. wislizeni 
from the outgroups Crotaphytus bicinctores and C. collaris (Tables 9 and 10).
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A neighbor-joining tree generated from the distance matrix (Table 22) and a 
parsimony analysis of the sequence data using generalized weighting produced similar 
cladograms (Figures 19a and 19b). Other weighting schemes (transversion parsimony or 
mixed parsimony with third position transversions) produced trees with unresolved 
polytomies. For both distance and parsimony analyses, I obtained estimates of support 
for phylogenetic nodes via bootstrapping (Felsenstein 1985; Hedges 1992). Despite the 
different assumptions of distance and parsimony methods, the topologies recovered were 
nearly identical for each method, even as support for individual nodes varied (Figures 19a 
and 19b).
The cladograms presented in Figure 33 each contain five nodes that demonstrate 
geographic association of sequence haplotypes into clades identified as follows: 
EASTERN (Chihuahuan desert), CENTRAL (Sonoran desert), and WESTERN (three 
clusters from the Mojave, Great Basin and Colorado Plateau deserts) that are separated 
from each other by approximately 5.5-6.5% (Table 23). The WESTERN region contains 
the following sub-clusters: WESTERN.south (sequence haplotypes from the Mojave 
desert), WESTERN.northwest (western Great Basin), and WESTERN.northeast (eastern 
Great Basin and one sample from a locality on the eastern portion of the Colorado 
Plateau). A common haplotype occurs on both sides of the lower portion of the 
Colorado River.
Given the phylogenetic disjunction between the otherwise geographically 
proximate CENTRAL and WESTERN regions, I further investigated the phylogenetic 
position of the CENTRAL node. Several possibilities exist for the topological placement 
of haplotype 11 (Figure 17): I) a real biological/biogeographic phenomenon of 
biogeographic structuring within Gambelia wislizeni, 2) a long branch length whose 
exact phylogenetic placement cannot be resolved (Felsenstein 1978), 3) a relict of a 
formerly widespread haplotype that has become extinct in the intervening regions (a
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phylogenetic ‘false positive’); or 4) a post-Bouse Embayment northward expansion of G. 
copei mtDNA haplotypes from Baja. While unavailability of G. copei samples precludes 
assignment of a causal explanation for the distinctiveness of haplotype I I , it is possible 
to assess the robustness of the obtained tree topology. Analysis o f the top 5% near 
parsimonious trees (1542 trees o f length < 100 steps) reveals that 98% of the tree 
topologies ( 1511 of 1542) as demonstrated on the 50% consensus tree (Figure 34a) do in 
fact place haplotype 11 from Yuma County, Arizona (Figure 22a) at the basal node as 
well as supporting the three core regions of EASTERN, CENTRAL, and WESTERN 
deserts. I next performed a Wilcoxon-signed rank test o f character state changes between 
the most parsimonious tree and positioning of haplotype 11 within both the EASTERN 
and WESTERN clades (Figures 22b and 22c)(Larson 1994; Templeton 1983). In each 
case, the results were significant (p<0.02) and the tree lengths increased with each 
manipulation and therefore the basal position of this haplotype appears to be robust for 
this particular data set.
Discussion
Biogeographic hypotheses
By refuting the null hypothesis of no geographic localization of mtDNA 
haplotypes, this study adds Gambelia wislizeni to an expanding list of fauna from the 
western United States with well-defined phylogeographic structure (Chapters 2 and 3, 
Jones, et al. unpubl. data; Lamb, et al. 1989; Lamb, et al. 1992; Riddle 1995; Riddle and 
Honeycutt 1990; Riddle, et al. 1993; Zamudio, et al. unpubl. data). Previous work has 
postulated herpetofaunal regions of endemism since the late Tertiary/early Quaternary for 
the arid regions of western North America (Figure 4, Chapter 2, Grismer 1994; Morafka
1977).
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There are no definitive pre-Pliocene fossils known for Gambelia, and where G. 
wislizeni is concerned, none that predate the Pleistocene (Estes 1983; Norell 1989). 
Chapter 2 reviews assumptions about molecular clocks and their attendant error rates 
(Hillis etal. 1996b; Martin etal. 1992; Martin and Palumbi 1993; Rand 1994) as they 
relate to historical biogeography. As noted previously, historical biogeography can be 
studied for single or multiple taxa over any spatio-temporal scale. Previous accounts of 
molecular population structure and historical biogeography of arid-dwelling reptiles have 
limited utility in corroborating hypotheses of a vicariant origin of an endemic 
herpetofauna of western North America, due to limitations in sampling or species 
distributions. By directly comparing C. wislizeni phylogeography with that of four other 
lizards {Crotaphytus bicinctores, C. collaris, Phrynosoma platyrhinos and Sceloporus 
magister), I use predictive aspects o f previous work to accumulate evidence for long-term 
persistence and probable vicariant origins for population structure within G. wislizeni, as 
well as other arid-dwelling reptiles.
Regional population structure
Sequence trees (Figure 33) derived from mtDNA markers exhibit large 
divergences between the EASTERN (Chihuahuan), CENTRAL (Sonoran) and 
WESTERN (Mojave + Great Basin) arid regions. At the regional scale, these clusters are 
roughly congruent with patterns of regional endemism reported for collared lizards, 
Crotaphytus bicinctores and C. collaris (Chapter 2); desert homed lizards, Phrynosoma 
platyrhinos; and desert spiny lizards, Sceloporus magister (Chapter 3). In a juxtaposition 
of the latter study, the Gambelia wislizeni samples on hand reflect several EASTERN 
localities, but only one sample from one locality in the CENTRAL region. The caveats 
and assumptions of the S. magister study certainly apply here and will be further 
discussed below. Distinctiveness of the CENTRAL region is suggested by a Wilcoxon
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test of character state changes generated from COIII sequence data (Figure 34) even as 
limited sampling precludes choosing between causal mechanisms such as intra-regional 
G. wislizeni biogeographic structure versus northward expansion of G. copei mtDNA 
haplotypes from the Baja peninsula.
Divergences between the CENTRAL Gambelia wislizeni locality and G. 
wislizeni from the WESTERN region are similar to Phrynosoma platyrhinos divergences 
from these regions. Even as the one sample representing the CENTRAL region limits 
biogeographic inferences, large G. wislizeni inter-regional divergences are consistent 
with hypotheses of a DEEP history model o f vicariant isolation (Chapters 2 and 3, 
Grismer 1994; Jones, et al. unpubl. data; Lamb, et al. 1989; McKnight 1995; Riddle 
1995). Although inter-regional divergences are nearly twice as large as those found 
within either Crotaphytus or G. wislizeni, Sceloporus magister also demonstrates 
evidence for a vicariant isolation (Chapter 3). While discrepancies in molecular 
divergence may reflect either taxon-specific rates of evolution or a real signal of 
temporally different episodes of isolation, it is unlikely that these divergences represent a 
late Pleistocene structuring of G. wislizeni populations. The similarity between G. 
wislizeni and P. platyrhinos phylogeographic structure is consistent with vicariant 
hypotheses of a historical event that simultaneously isolated both of thesesympatric 
species that occur in similar ecological substrates.
Despite the numerous phylogeographic studies of the herpetofauna of the western 
deserts, only the C. collaris and S. magister data sets mentioned previously have 
encompassed a taxon that occurs throughout the EASTERN (Chihuahuan) region. These 
two studies both supported a previous hypothesis (Morafka 1977) of a Pliocene origin for 
an endemic Chihuahuan herpetofauna and are likewise consistent with data from desert 
rodents (summarized in Riddle 1995; Riddle 1996). Divergences within G. wislizeni 
lineages from the EASTERN and CENTRAL regions are large (c. 5%) and comparable to
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those found for co-distributed C  collaris and C. nebrius, but less than half that of S. 
magister samples from the same localities. 5. magister specimens from Hidalgo County, 
New Mexico (Figure 7a, locality 22) are affiliated with the CENTRAL region, while both 
C. collaris and G. wislizeni from this region are part of a series o f samples from New 
Mexico and west Texas that comprises the EASTERN clade. W hile G. wislizeni and C. 
collaris differ in microhabitat preferences (ground dwelling, non-territorial versus 
saxicolous and territorial respectively), both occur in semi-arid grasslands and desert 
transitions. S. magister can be found in such habitats, particularly where there are 
mesquite thickets and riparian washes, but is more typically found in the upper bajadas 
away from the desert floor. Therefore, it is possible 5. magister has more limited 
dispersal abilities with respect to either Crotaphytus or G. wislizeni. In turn, this suggests 
that individualistic responses erode vicariant structuring along the fringes of areas of 
endemism, although suites of taxa can retain evidence of vicariant isolation within a core 
region (e.g. Lee Jr. etal. 1995; Riddle 1995).
The Sceloporus magister study from Chapter 3 supported a previous hypothesis 
(Morafka 1977) of a Pliocene origin for an endemic Chihuahuan herpetofauna, but 
conclusions were limited by the presence of a single sample locality from the EASTERN 
region. Conversely, this study sampled Gambelia wislizeni from four localities (each 
represented by a single specimen), contrasted with a single specimen from one locality 
within the CENTRAL region. As noted previously (Chapters 1, Figure 5b; Chapters 2 
and 3), one cannot rule out the possibility of sorting and shuffling o f divergent lineages 
within a larger EASTERN + CENTRAL clade. Again, divergences within G. wislizeni 
lineages from the EASTERN and CENTRAL regions are comparable to those found 
between C. collaris and C. nebrius (c. 6%), but less than half that of S. magister samples 
from the same localities. The large divergences between clades and phylogeographic 
structuring of sequence for all three lizard species is also consistent with a DEEP history
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model of Pliocene/early Pleistocene vicariant isolation by the uplifting of the southern 
Rocky Mountains (Figures 1 and 3). The fact that this pattern of regional endemism has 
now been identified across four reptilian lineages along with previous studies of desert 
rodents (Riddle 1995; Riddle 1996) warrants further investigation into the mechanisms 
and processes that define regional structuring of desert lizards.
Intra-regional population structure within the WESTERN clade
Both sequence trees (Figure 19) reveal three lineages in the WESTERN clade 
distributed as follows; haplotypes 8 ,9 , and 16 from the WESTERN.south (Mojave), 
haplotypes 5, 7, and 10 from the WESTERN.northeast (eastern Great Basin + Colorado 
Plateau), and haplotypes 1, 2, 3, and 4 from the WESTERN.northwest (western Great 
Basin). This phylogeographic structuring within the WESTERN Gambelia wislizeni 
specimens has both similarities and differences to Phrynosoma platyrhinos and 
Sceloporus magister. Jones et al. (unpubl. data) correlated increased haplotype diversity 
within P. platyrhinos from the Mojave with multiple episodes of Pleistocene fluctuations 
in suitable habitat; a pattern supported by the C. bicinctores (Chapter 2) and Sceloporus 
magister (Chapter 3) datasets. A vegetation map of dominant plants in the Great Basin 
provides an ecological correlation with Atriplex confertifolia (BRRC 1996) for the two 
Great Basin lineages observed in both G. wislizeni and P. platyrhinos and partially 
(WESTERN.northwest) in both C. bicinctores and S. magister. Causal explanations of 
the large divergences between the three WESTERN clades await further sampling.
However, two other possibilities deserve consideration. First, each clade could 
represent a long-term persistence in each region. While G. wislizeni presently occurs 
well into the cold deserts of Nevada and Oregon, northern persistence of xeric-adapted 
ectotherms during Pleistocene glacial cycles is contrary to established theory and data 
(e.g. Dunham 1993; Jones 1995). Alternatively, the two divergent Great Basin lineages
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could result from separate colonization events from a WESTERN.south region sometime 
during the Pleistocene. If this were the case, one would expect that increased sampling 
would find shared or closely related haplotypes between the WESTERN.south and each 
of the northern G. wislizeni lineages. Presence of high levels of haplotype diversity and 
divergence in the WESTERN.south region as suggested by the distinctiveness of 
haplotype 9 with respect to haplotypes 8 and 16, is similar to patterns reported for C. 
bicinctores (Chapter 2) and S. magister (Chapter 3). Additional sampling of G. wislizeni 
diversity in the Mojave desert could reveal haplotypes similar to those representing the 
WESTERN.northeast and WESTERN.northwest clades and would thus support a late 
Pleistocene colonization scenario.
Gambelia wislizeni, like several other lizard species (Chapters 2 and 3, and 
references therein), has a closely related haplotype that occurs on both sides of the lower 
portion of the Colorado River, suggesting secondary gene flow following contact 
between previously isolated populations . In contrast to the large divergences of S. 
magister and Crotaphytus lineages from either side of the upper Colorado River, the 
genetic similarity between G. wislizeni sequences from the Great Basin of Utah and the 
Colorado Plateau in Arizona suggests recent gene flow across the upper Colorado River. 
Both G. wislizeni and S. magister manifest large divergences between EASTERN and 
WESTERN.northeast lineages that together appear to refute Tanner and Banta's (1977) 
hypothesis of late Pleistocene dispersal via the Rio Grande Corridor. More sampling of 
both taxa from these regions needs to be done to determine distributions of haplotypes 
representing either WESTERN or CENTRAL clades throughout the Colorado Plateau 
region.
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Summary and Synthesis
I have used several lines of evidence (neighbor-joining distances and parsimony 
analyses of nucleotide sequences) to reconstruct the historical biogeography o f Gambelia 
wislizeni. Relative (large versus small) divergences between regions of endemism 
suggest complex series o f historical and population-level events that have defined the 
molecular geographic population structure o f this species. Even if this dataset cannot 
resolve the distinction between vicariant isolation of clades from the EASTERN and 
CENTRAL regions versus haplotype sorting across a larger EASTERN + CENTRAL 
clade, the signal of earlier deep history remains with respect to a putative isolation of 
these clades from the WESTERN clade by the Bouse Embayment. While requiring 
further sampling, this dataset is thus consistent with possible vicariant hypotheses 
proposed for Phrynosoma platyrhinos (Jones, et al. unpublished data), Crotaphytus 
(Chapter 2), and Sceloporus magister (Chapter 3). This data supports previous models 
(Chapter 1, Riddle 1995; Riddle 1996) of regional endemism within and among arid- 
dwelling taxa. Biogeographic hypotheses for Gambelia wislizeni are summarized by an 
area cladogram (Figure 35). Similarities in both phylogeographic structure and molecular 
divergences between Crotaphytus, G. wislizeni, Sceloporus magister, and 
especially Phrynosoma platyrhinos strongly suggest that Pliocene/early Pleistocene 
geological events have played a major role in defining areas of endemism for the arid- 
dwelling herpetofauna of the western United States.
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Figure, Table, and  Appendix L egends
Figure 30 Distribution of Gambelia wislizeni (from Stebbins, 1985) with sample 
localities used in this study. G. wislizeni does not occur on the Mogollon Plateau (dark 
circle).
Figure 31 Localities for Gambelia wislizeni mtDNA COIII sequence haplotypes 
used in this study. Exact locality and specimen data are given in Appendix I.
Figure 32 Plots of mtDNA COIII pair-wise sequence divergence by Ts: transitions. 
Tv: transversions, and S: total substitutions for Gambelia wislizeni using Tamura and 
Nei's (1993) algorithm as implemented in MEGA v.1.0. (Kumar et. al., 1993). 
Divergences below 7% are within G. wislizeni with divergences greater than 7% are 
between G. wislizeni and Crotaphytus bicinctores and C. collaris used as outgroups.
Figure 33 Bootstrap consensus trees (Felsenstein, 1985) of Gambelia wislizeni 
mtDNA c o m  sequence data, all characters unordered and equally weighted. 33a: 
Neighbor-joining tree (Saitou and Nei, 1987) using Tamura-Nei’s (1993) algorithm with 
2000 replicates (bold/top=bootstrap value, italics /bottom=$Xmdaxd error). Standard 
errors are derived from Kimura's 2-parameter distances (Kimura, 1980). Specimens 
represent the following clades A: Eastem B: WESTERN.northwestem C: 
WESTERN.northeastem D: WESTERN.south Crotaphytus bicinctores and C. collaris 
were used as outgroups. Localities are by County, State (locality number/fragment 
haplotype number). 33b: Parsimony tree generated from 1000 bootstrap replicates 
(Branch and Bound algorithm; Swofford et al., 1996) (boId=bootstrap value). For the 
parsimony tree, the g l  statistic (-1.70, p<.01) (Hillis and Huelsenbeck 1992) suggested a 
non-random distribution of the tree distributions with eight most parsimonious trees of 95 
steps(Hillis and Huelsenbeck 1992). Coding and outgroups as in Figure 33a.
Figure 34a: mtDNA COffl sequence data for G. wislizeni. Majority-rule consensus of 
1542 5% Near Parsimonious Trees of less than 100 steps showing proportion of trees that 
associate the CENTRAL region with a basal position. Numbers represent percent of total 
trees containing a particular node. Regional letter codes (A-D) follow Figure 33a. E: 
EASTERN (Chihuahuan) C: CENTRAL (Sonoran) W.s: WESTERN.south (Mojave) 
W.ne: WESTERN.northeast (northeast Great Basin/Colorado Plateau) W.nw: 
WESTERN.northwest (northwest Great Basin). Comparison trees: Cladograms from 
bootstrap consensus of mtDNA COHI sequence data of most parsimonious reconstruction 
of 95 steps versus alternative topologies that position the CEOTRAL clade interior to the 
34b: EASTERN and 34c: WESTERN clades respectively. Differences are significant 
(Wilcoxon signed rank test of character state changes (Larson, 1994; Templeton 1983) 
p= 0.025 and 0.003 respectively.
Figure 35 Area cladogram for Gambelia wislizeni consistent with a mixed
hierarchical model of Pliocene vicariant isolation spatially constraining subsequent 
molecular population structure. Symbols represent Pliocene/early Pleistocene events that 
mama have isolated adjacent regional populations: 1: San Gorgonio constriction- 
PENINSULAR and WESTERN regions 2: Bouse Embayment-WESTERN and 
CENTRAL regions 3: Uplifting of the southern Rocky Mountains and/or Sierra Madre 
Occidentals-CENTRAL and EASTERN regions. Shaded triangle represents 
subtructuring within the WESTERN region that is consistent with late Pleistocene 
distributional fluctuations. W.ne: WESTERN.northeast W.nw: WESTERN.northwest 
W.s: WESTERN.south geological area cladogram. a: Area cladogram for G. wislizeni
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as suggested by this data set. b: Area cladogram for G. wislizeni that includes the 
following testable phylogenetic hypotheses Dashed lines: G. copei and the CENTRAL 
clade of G. wislizeni that are consistent with Grismer’s (1994) northern Pliocene vicariant 
complex and Morafka (1977) respectively as well as Riddle's geological area cladogram 
(Figure 1, pers. comm.)
Table 22 Upper diagonals: Summary of nucleotide substitutions from a 387bp
stretch of the mtDNA COIII gene of G. wislizeni. Pair-wise comparisons include 
transition/transversion ratios, total transitions, total transversions, total substitutions, and 
total base pairs compared using Tamura and Nei's (1993) algorithm as implemented in 
MEGA v.1.0. (Kumar et. al., 1993). Lower Diagonals: Distance matrix of mtDNA 
c o m  nucleotide sequence data as obtained from the algorithm of Tamura and Nei (1993) 
as implemented in MEGA vl.O (Kumar et al. 1993). Minimum non-zero pair-wise 
divergence was 0.32% between the Clark County, NV. (locality 8) and San Bernardino, 
CA. (locality 16). The maximum pair-wise divergence was 7.02% between Clark 
County, NV (locality 8) and Yuma County, AZ (locality 11). See Figure 31, along with 
Appendix D for locality and restriction-fragment information.
Table 23 Comparisons of average mtDNA COHI nucleotide sequence divergence
within (gray numbers) and among (black numbers) biogeographic regions (using 
distances generated from the data used in Table 22). Numbers in parentheses represent 
minimum and maximum and maximum interregional pair-wise divergences. E: 
EASTERN (Chihuahuan) C: CENTRAL (Sonoran) Ws: W E S T E ^ .so u th  (Mojave) 
W.ne: WESTERN.northeast (Colorado Plateau and eastem Great Basin) W.nw: 
WESTERN.northwest (western Great Basin).
Appendix 1 Gambelia wislizeni specimens examined for this study. Further locality
information is available upon request. LVT: Las Vegas Tissues housed at the Molecular 
Systematics Laboratory at the University of Nevada, Las Vegas. UTEP: University of 
Texas at El Paso ASU: Appalachian State University via Dr. Tod Reeder, San Diego 
State University.
Appendix J  Aligned sequence data for Gambelia wislizeni from a 384bp stretch of the
c o i n  mtDNA gene. Sequences represent 1 individual per locality. Crotaphytus 
bicinctores (LVT-2226) and C. collaris (LVT-2220) are used as outgroups. The 
sequence begins with a 3rd position codon.
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Figure 30 Distribution o f Gambelia wislizeni with sample localities 
used in this study
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
205
Figure 31 aambeUc- wisUzf^‘
ample localiws
Repro'
ducedwAhpe
rmissionoUPe
r e p v o d u r t i o n p r o ’
ihibited ^ilhoutpenP'®""'
■o
o
Q .c
g
Q.
■o
CD
(/)(£
o'3
8
c5'
3
CD
Cp.
CD■o
O
Q.C
a
o
3
■o
o
CD
Q.
OC
■o
CD
(/)
o'
3
Figure 32 mtDNA COlIl pair-wise sequence divergence by substitution category
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Figure 33a Neighbor-joining tree for Gamhelia wislizeni sequence data
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Figure 34 Comparison trees; Most parsimonious tree and shortest trees that place the CENTRAL 
region interior to the EASTERN and WESTERN clades
B
79
98
100
c
100
W.s
W. nw
87 HZ w.ne
97
c W.S
W. nw
HZ W.ne
—  C
Z Z  OG
Baseline Tree 
95 steps 
C.l. =0.821 
R.l. =0.894
^ O G
Haplotype 9 w/ln EASTERN
99 steps
C.l. = 0.778
R.l. = 0.862
Wilcoxon p=0.0253
{Z w.s
W. nw
- [ ]  OG
Haplotype 9 w/in WESTERN
103 steps
C.l. = .748
R.l. = .836
Wilcoxon p=0.0027
N)o
CO
210
Figure 35 Biogeographic area cladogram for Gambelia wislizeni
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Table 23 Gambelia wislizeni regional divergences
W.s W.ne W.nw E
W.s 013 .026 .037 .051 .064(.026-.046) (.043-.057) (.056-.070)
W.ne 005 .050 .056 .063
(.046-.053)
W.nw 01 .058 .066
(.056-.063) (.063- 070)
0 .049
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Appendix I Gambelia wislizeni RPLP haplotype/locality data
Specimen
Number
Locality
Number State County Region
LVT-484 8 Nevada Clark W estem.south
LVT-720 16 California San Bernardino W estem.south
LVT-732 9 Arizona Mohave W estem.south
LVT-2282 5 Utah Boxelder W estem.northeast
LVT-2283 7 Utah Beaver W estem.northeast
LVT-2289 2 Oregon Harney W estem.northwest
LVT-2291 6 Nevada Nye W estem.northwest
LVT-2293 1 Idaho Owyhee W estem.northwest
LVT-2295 4 Nevada Eureka W estem.northwest
LVT-2296 3 Nevada Humboldt W estem.northwest
LVT-2304 10 Arizona Navajo W estem.northeast
LVT-2310 II Arizona Yuma Central
ASU-16551 15 Texas Hudspeth Eastem
LVT-2329 13 New Mexico Grant Eastern
LVT-2330 12 New Mexico Hidalgo Eastem
UTEP-16012 14 New Mexico Dona Ana Eastem
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Appendix J  Aligned mtDNA COIII sequences for Gamhelia wislizeni
111 111 Ill 122 222 222 223 333 333 333 444 444 444 455 555 555 556 666
123 456 789 012 345 678 901 234 567 890 123 456 789 012 345 678 901 234 567 890 123
LVT4 84 CGC AAC ACC AGA ACT AGO CGG ATG CTG ACC ACC AAG CGG CGT ATT TCC ACT CAA CGC ATT TGA
LVT720 ? ? ? 9 9 9 9 9 9 999 999 9 9 9 9 9 9 999 999 9 9 9 9
LVT732 G
LVT2282 G . .
LVT2283 T G G
LVT2289 999 999 999 999 999 999 999 9 9 9 9 9 9 9
LVT2291 999 999 999 999 999 999 999 999 999 9
LVT2293
LVT2295 r
LVT2296 G. .
LVT2304 999 999 999 999 999 999 999 999 999 9 G G . .
LVT2310 9 9 9 9 9 9 999 999 999 999 999 999 999 999 9 G . , A
ASU16551 999 999 9 9 9 999 999 999 999 9 9 9 999 999 9
LVT2329
LVT2330 T. .
UTEP16012 A . G . . T. .
LVT2220 999 9 9 9 9 9 9 999 999 999 999 999 999 999 9 A . • AA C . .
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A ppendix J  continued
111 111 111 111 111 111 111 111 111
666 666 777 777 777 788 888 888 889 999 999 999 000 000 000 011 111 111 112 222 222
456 789 012 345 678 901 234 567 890 123 456 789 012 345 678 901 234 567 890 123 456
LVT484 AGT TCC ATT ACT AAA TAC AGC AGT TCT ACT AGC ATC AGG GGT AAC TGT CAC ATG AGC CCA CCA
0 LVT720 ...........................................................................................
5  LVT732 ...........................................................................................
(D LVT2282  T ...........................................................................
8 LVT22B3 ...............T ...........................................................................
5  LVT2289 ... G ...................................................... A .............................
(Q LVT2291 ............................................................A ..............................
^  LVT2293  C ...A .............................
g LVT2295 ... A .......................................................A .............................
8 LVT2296 ...........................................................................................
^ LVT2304  T ...........................................................................
c LVT2310  C ......................... C ....................................................
ASU16551  C .G ............... A ...............
LVT2329  C .G ............... A ...............
( D  LVT2330  C .G ............... A ..............
1  U T E P 1 6 0 1 2 ..................................... C .................G .................A ..............
g- LVT2220 ... C. . CC. .T.....................C.. G ............C ............................... A.
a  LVT2226 ... C.. .C........... C ............ A.. G.. C ...................... A.. T .............A.
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CHAPTER 5
SUMMARY AND PROSPECTUS FOR FURTHER RESEARCH
Molecular phylogeographic structure within Sceloporus magister, Gambelia 
wislizeni, Crotaphytus bicinctores, and C. collaris support a mixed-hierarchical scenario of 
molecular population structure spatially constrained by geological and biotic events that 
occurred during a Pliocene and Pleistocene time frame. These individual studies add to a 
growing number of studies of arid-dwelling fauna from western North America that 
demonstrate phylogeographic structure (Jones 1995; Lamb eta/. 1989).
In light of increasing evidence of deep phylogeographic structure across multiple 
taxa, lack of phylogeographic structure such as that found in Dipsosaurus dorsalis and 
Sauromalus obesus implies recent colonization from Mexico into the warm deserts of the 
western United States and Baja as suggested by Grismer’s (1994) Western Desert 
Complex. More work needs to be done to determine whether or not D. dorsalis and S. 
obesus represent a larger suite of arid-dwelling herpetofauna that have only recently 
colonized the northern deserts or instead are exceptions to older regional biotas that share a 
collective deep history in this region.
As the Phrynosoma platyrhinos data of Jones et al. (unpubl. data) demonstrate, 
morphological variation or the lack o f such variation in the vicinity of major biogeographic 
disjunctions such as the Bouse Embayment is a poor a priori indicator of genetic isolation 
and molecular divergence. Likewise, taxa I have studied (e.g. Chapters 2, 3, and 4)
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exhibit little morphological divergence in the vicinity of the Bouse embayment, yet exhibit 
large amounts of molecular divergence. Similarities in both depths of molecular divergence 
and patterns of regional endemism between the lizards mentioned above and molecular 
phylogeographic data from desert rodents (Riddle 1995) suggest a general pattern of 
regional endemism among small, non-volant desert organisms. Given skepticism about the 
cohesiveness and persistence of biotic communities through time (e.g. Brown 1995; 
Graham and Mead 1987), it is nevertheless appropriate to ask whether concordant studies 
of individual taxa provide evidence for regional endemic biotas (Avise 1992; Avise 1994; 
Riddle 1996). What evidence supports the identification of regional endemic biotas?
Aviso's ( 1992) classic synthesis of the aquafauna of the southeastern United States 
provided molecular phylogeographic evidence of a vicariant disjunction correlated with 
fluctuations in water levels during the Pleistocene. While finding evidence for 
biogeographic structure within 5 species o f Darters from the central highlands of the 
midwestem United States, Turner et al. (1996) concluded that life-history parameters such 
as fecundity have a major influence on intra-regional population structure that in turn lead to 
topological non-congruence of phylogenies. Small rodents from western North America 
provide evidence for regional endemism constrained by both deep and recent historical 
events (Hafner and Riddle 1997; Riddle 1995). All of these molecular phylogeographic 
studies have a solid basis for biogeographic calibration. Avise (1992) and Turner et al. 
(1996) focused on aquatic taxa with obvious dispersal constraints in systems with a well- 
established paleogeological history. The arid-adapted rodent taxa studied by Riddle (1995) 
and Hafner and Riddle (1997) featured both 1) a good fossil record and 2) enough 
similarities in metabolism and overall physiology to Mus-Rattus to justify using a molecular 
clock calibration established by the latter two taxa (e.g. Jaeger et al. 1986).
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Each o f the arid-dwelling lizards utilized in this study lacks a deep fossil record, 
reliable calibration of a molecular clock, and no a priori barriers to dispersal. How then, to 
derive a biogeographic synthesis of arid-dwelling lizards? I admit that a definitive causal 
explanation for the patterns observed awaits further investigation, including comparative 
tests of congruence (e.g. Page 1993), additional sampling, and further sampling of sister 
taxa from the Baja Peninsula. Without relying on either molecular calibrations or fossil 
records, however, Joseph and Moritz (1994) utilized phylogeographic structuring within 
seven species o f birds from eastem Australian rain forest birds to corroborate patterns of 
both deep and shallow history. Like most of the birds considered in the Joseph and Moritz 
study, each individual lizard dataset is consistent with vicariant patterns resulting from 
historical events in earth history (e.g. Figures 1, 3, 36). For the lizard datasets, vicariance 
occurs across known geological barriers that originated during Pliocene/Pleistocene time of 
c. 1.5 to 5 mya. Sequence data corroborating Mainland/Peninsular sister taxa relationships 
would temporally support a long-term persistence o f regional endemic herpetofauna that not 
only predates the last round of late Pleistocene glacial/interglacial cycles, but is consistent 
with a Pliocene/Pleistocene vicariant scenario (e.g. Grismer 1994; Morafka 1977; Riddle 
1995). Sequence data for the sister taxa Crotaphytus bicinctores and C. vestigium (e.g. 
McGuire 1996; Sanborn and Loomis 1979) provide tentative molecular corroboration of 
distinct Peninsular/mainland biotas as postulated by both Grismer (1994) and Hafner and 
Riddle (Hafner and Riddle 1997). The C. bicinctores/C. vestigium split across the San 
Gorgonio Constriction provides a heuristic first estimate of interspecific molecular 
divergence times (Figure 36a,Table 4). It is noteworthy that the C. bicinctores/C. collaris 
divergences are approximately similar to C  bicinctores/C. vestigium divergences (Table 4) 
across a biogeographic disjunction roughly congruent with the Pliocene maxima of the 
Bouse Embayment (Figures 3, 36a, Grismer 1994). C  collaris/C. nebrius and intra C. 
collaris divergences are less than the C. bicinctores/C. vestigium and C. bicinctores/C.
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collaris divergences, but still noticeably large (Table 4). In the former case, C. nebrius 
possibly expanded northward from the Sinaloan thomscrub habitat of northern Mexico, 
subsequently resulting in two independent Crotaphytus lineages in the CENTRAL region. 
Likewise, the EASTERN/CENTRAL split within C. collaris is consistent with 
Pliocene/early Pleistocene vicariant isolation by the continued uplifting of the southern 
Rocky Mountains and/or Sierra Madre Occidentals as postulated by Morafka (Figure 36a, 
1977). Moreover, patterns of divergence and diversity within and across the EASTERN 
and CENTRAL regions are consistent with the independently derived C. collaris dataset of 
Hutchison (pers. comm.).
As for Gambelia wislizeni, the requisite Baja taxon (G. copei) to assess sister taxon 
relationships was not available for these analyses. As noted above, sister-taxon 
relationships that manifest large molecular divergences between Peninsular and Mainland 
forms would support existing vicariant hypotheses (Grismer 1994; Hafner and Riddle 
1997) as well as providing a more robust molecular calibration of biogeographic 
disjunctions. The C. bicinctores/C. vestigium (and by extension C. bicinctores/C. collaris 
and related datasets) and S. magister/S. zosteromus molecular divergences provide a 
heuristic temporal calibration for regional divergences of other co-occurring taxa. S. 
magister divergences across the limits of the Bouse Embayment are remarkably similar to 
C. bicinctores/C. collaris divergences (Figures 36a, b). Identical and/or genetically similar 
WESTERN haplotypes from G. w islizeni, S. magister and C. bicinctores occur across the 
lower portion of the Colorado River. Common or closely related haplotypes is consistent 
with a scenario of recent colonization following Bouse regression to the present location of 
the Gulf of California. More sampling from this region is needed to assess whether or not 
these haplotypes represent widespread alleles that predate Bouse vicariance. S. magister 
haplotypes from the CENTRAL region and the vicinity of Joshua Tree National Monument 
further support post-Bouse colonization across the Colorado River as do putative C.
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bicinctores/C. collaris introgressives from the CENTRAL region. Limited sampling of 
specimens and localities means that I can not differentiate between the hypotheses that 
haplotype similarity derives from either long-term dispersal without an intervening vicariant 
event (Chapter 1, Figure 6B) or recent dispersal across a former barrier.
Like C. collaris, S. magister has recognizable EASTERN and CENTRAL 
populations. Two discrepancies are apparent: 1) divergences for S. magister are nearly 
double those o f co-occurring C. collaris and G. wislizeni and 2) Hidalgo County, New 
Mexico S. magister are associated with the CENTRAL (as opposed to EASTERN) region. 
As noted in Chapters 2 and 3, the bootheel of southwestern New Mexico is a biotically 
complex region that comprises grassland, desert-scrub, and lower montane components. 
Therefore, it is quite likely that taxonomic life-histories and ecological constraints blur 
(Brown 1995; Graham and Mead 1987) the periphery of otherwise discernible regional 
populations. Altematively, the S. magister pattern may represent two independent 
colonization events from Mexico (e.g. the C. collaris/C. nebrius pattern) and justifies 
further sampling of southern New Mexican/northern Mexican 5. magister populations. 
Despite variations in both intra- and inter-regional divergences within S. magister and 
Crotaphytus, both datasets suggest long-term persistence of regional divergences that are 
consistent with a Pliocene vicariant scenario that predates the last series o f late Pleistocene 
glacial/interglacial cycles.
Gambelia wislizeni also manifests a CENTRAL/WESTERN split across the Bouse 
Embayment maxima (Figure 36c). Less than the divergences found for both Crotaphytus 
bicinctores/C. collaris and intraspecific Sceloporus magister from this region, G. wislizeni 
CENTRAL/WESTERN divergences are comparable to those observed in the mtDNA 
ND2/C0I restriction site Phrynosoma platyrhinos dataset of Jones et al. (unpubl. data). 
Inclusion of G. wislizeni's sister taxon, G. copei, would further refine a molecular
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calibration of the Peninsular/Mainland split as well as Gambelia wislizeni across its 
distribution. Like both C. bicinctores and S. magister, G. wislizeni has genetically similar 
haplotypes that occur on both the eastem and western sides of the lower Colorado River, 
once again suggesting either long term persistence of alleles throughout the WESTERN 
region or post-Bouse dispersal/colonization. G. wislizeni EASTERN/CENTRAL 
divergences are similar to that o f C. collaris from this region, but noticeably less than co­
occurring Sceloporus magister It remains to be seen whether these divergences reflect 
differential taxonomic histories and/or molecular evolutionary rates. In any event, it is quite 
likely that G. wislizeni has also maintained a long-term presence in the western arid-regions 
as predicted by Grismer's (1994) northern Pliocene vicariant complex in contrast to Tanner 
and Santa's (1977) Pleistocene expansion scenario.
Each dataset also provides evidence of intra-regional molecular population 
structure. Northern populations of Crotaphytus collaris from the EASTERN and 
CENTRAL regions exhibit little molecular divergence and diversity even as they are quite 
divergent across regions, suggesting late Quaternary distributional fluctuations that were 
spatially constrained by earlier vicariant isolation of regional populations consistent with 
Pliocene geological events. This pattern of limited diversity in northern populations that 
probably originated from southern source pools also occurs within WESTERN populations 
of C. bicinctores, Gambelia wislizeni, and Sceloporus magister. More sampling needs to 
be done to determine the extent o f intra-regional molecular population structure.
While this research is consistent with a model of long-term isolation of regional 
populations constrained by geological events of the Pliocene/early Pleistocene (e.g. Figure 
1, Riddle 1995), the combined dataset can be considered independently of temporal 
considerations and instead relies on spatial concordance o f mtDNA haplotypes across 
multiple taxa. Area cladograms for each dataset (Figures 36a-c) have been translated into a
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generalized model of regional endemism for the arid regions of western North America 
(Figures 36d, 37). This model of regional endemism in turn generates testable hypotheses 
o f biogeographical history in other arid-dwelling herpetofauna. In historical biogeography 
and phylogeography, lack of geographic structure remains the null hypothesis. At the same 
time, the areas of endemism delineated in Figure 37 provide a predictive hypothesis of deep 
molecular population structure and/or spatial constraints of intra-regional dispersal. As 
mentioned above, there is no a priori basis for ascertaining which arid-dwelling 
herpetofauna will manifest deep or shallow molecular population structure. Suffice to say 
that an expanded database that includes increased evidence for both deep and shallow 
phylogeographic patterns will provide the basis for further examination of the role that 
taxon-specific parameters play in determining phylogeographic structure. In particular, it 
will be interesting to see how other ectothermic taxa such as snakes and amphibians have 
responded to the geological and climatic events of the last 10 million years throughout the 
western deserts.
Further examination of sister taxa (e.g. Sceloporus magister/S. zosteromus and/or 
Gambelia wislizeni/G. copei ) from the Baja Peninsula will further assess the isolating 
effect of the San Gorgonio Constriction along with Baja/Mojave/Sonoran connectivity 
(Grismer 1994; Grismer and McGuire 1996). Expanding the scope of this study to include 
Mexico and Baja also permits assessing réfugia hypotheses (Cole 1970; Endler 1982;
Lynch 1988; Murphy 1983). At the same time, this study is part of an ongoing 
investigation into the processes that define the species assemblages of the North American 
arid lands. This work will be integrated with similar studies of Heteromyid mice (Riddle 
1995), Phrynosoma (Jones et al., unpubl. data) other arid-dwelling herpetofauna to further 
test models of gene tree concordance (Avise 1994; Riddle 1996)
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Vicariance biogeography explicitly states that all or most taxa in a given region 
become isolated from once contiguous populations at the same time (Brooks and McLennan 
1991 ; Cracraft 1988). On the other hand, dispersal theories postulate that since taxa have 
multiple origins and divergence times that a regional biota would have a complex history 
(Graham 1986; Graham and Mead 1987). This study is an elaboration of an explicitly 
comparative approach (Riddle 1995) that continues to examine phylogeographic structure 
among diverse aridlands taxa that share congruent distributions. Concordant phylogenies 
among taxa would suggest a common response to historical events as expected under a 
vicariance scenario (Avise 1994). Conversely, discordant phylogenies would suggest 
differential response to events or different origins (Graham and Mead 1987) or taxon- 
specific responses that confound phylogeographic concordance (Avise 1992; Lamb et al. 
1992). Similarities in both phylogeographic structure and molecular divergences between 
Crotaphytus bicinctores, C. collaris, Gambelia wislizeni, Sceloporus magister, and 
Phrynosoma platyrhinos strongly suggest that Pliocene/early Pleistocene geological events 
have played a major role in defining areas o f endemism for the arid-dwelling herpetofauna 
of the western United States. Only by comparing phylogeographic structure among diverse 
taxa can one hope to understand the historical processes that have shaped the ecological 
assemblages of North American deserts.
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Figure L eg e n d s
Figure 36 Area cladograms generated by substituting regions for taxa (Figures 19, 29, 
35) for A) Crotahytus (Figure 19), B) Sceloporus magister (Figure 29), and C) 
Gambelia wislizeni (Figure 35) consistent with both molecular phylogeography and 
geologic evidence. Symbols represent Pliocene/early Pleistocene events that have 
putatively isolated adjacent regional populations: 1: San Gorgonio constriction- 
PENINSULAR and WESTERN regions 2: Bouse Embayment-WESTERN and 
CENTRAL regions 3: Uplifting of the southern Rocky Mountains and/or Sierra Madre 
Occidentals-CENTRAL and EASTERN regions. Shaded triangles represent subtructuring 
within the WESTERN region that is consistent with late Pleistocene distributional 
fluctuations. W.ne: WESTERN.northeast W.nw: WESTERN.northwest W.s: 
WESTERN.south Dashed lines: Testable hypotheses based upon the results of these 
studies or warranting further investigation. D) Generalized area cladogram based upon 
taxon area cladograms A C
Figure 37 Generalized map of herpetofauna] regions of endemism based upon the 
results of Figure 36. White borders and question marks represent putative Mexican 
extensions of these regions of endemism that while consistent with this model (e.g. 
Grismer, 1994; Hafner and Riddle, in press; Morafka, 1977) require further substantiation.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
73
CD■D
O
Q.
C
8
Û.
■D
CD
C/)(/)
o'3
O
8
3
CD
3.
3 "
CD
CD■o
O
Q.C
a
o
3
■D
O
CD
Q.
■D
CD
C/Î
o'
3
Figure 36 A re a  c la d o g r a m s  fo r  in d iv id u a l an d  c o m b in e d  d a ta se ts
PENINSULAR
Crotaphytus
WESTERN CENTRAL CENTRAL EASTERN
{C. vestigium) (C. co/laris) (C, collans)
B
PENINSULAR f -Sceloporus magister
(S MSferomus) WESTERN CENTRAL EASTERN
PENINSULAR
{G.copel)
 Gambelia wislizeni -------1
WESTERN CENTRAL EASTERN
D  Generalized Area Cladogram
PENINSULAR WESTERN CENTRAL EASTERN
?
(Ow4^
235
Figure 37 Generalized map o f herpetofauna] regions of endemism
PENINSV^l
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
COMPLETE LITERATURE CITED
Alcock J (1989) Animal Behavior. Sinauer Assoc., Sunderland, MA.
Allard MW, Ellsworth DL, Honeycutt RL (1991) The production of single-stranded DNA 
suitable for sequencing using the polymerase chain reaction. BioTechniques, 10, 
24-26.
Allen TFH (1987) Hierarchical complexity in ecology: A noneuclidean conception of the 
data space. Vegetatio, 69, 1-3.
Andrews RM, Pough FH (1985) Metabolism of Squamate Reptiles: Allometric and 
Ecological Relationships. Physio. ZooL, 58, 214-231.
Atwater T (1970) Implications of plate tectonics for the Cenozoic tectonic evolution of
western North America. Geological Society o f  America Bulletin, 81, 3513-3536.
Avise JC (1989) Gene trees and organismal histories: A phylogenetic approach to 
population biology. Evolution, A3, 1192-1208.
Avise JC ( 1992) Molecular population structure and the biogeographic history of a
regional fauna: A case history with lessons for conservation biology. Oikos, 63, 
62-76.
Avise JC (1994) Molecular Markers, Natural History, and Evolution. Chapman & Hall, 
New York.
Avise JC, Arnold J, Ball RM e/a/. (1987) Intraspecific phylogeography: The
mitochondrial DNA bridge between population genetics and systematics. Annual 
Review o f  Ecology and Systematics, 18, 489-522.
Axelrod DI (1979) Faleobotanical history of the western deserts. In: Origin and Evolution 
o f Deserts, (ed. S. G. Wells and D. R. Haragan), pp. 113-129. University of 
New Mexico Press, Albuquerque.
Axtell RW (1972) Hybridization between western collared lizards with a proposed 
taxonomic rearrangement. Copeia, 1972, 707-727.
Bahre CJ (1995) Human impacts on the grasslands of southeastern Arizona. In: The Desert 
Grassland, (ed. M. P. McClaran and T. R. Van Devender), pp. 230-264. 
University of Arizona Press, Tuscon.
Baird SF, Girard C (1852) Characteristics of some new reptiles in the musuem of the 
Smithsonian Institution. Proceedings o f  the Academy o f Natural Sciences, 
Philadelphia, 10, 253-256.
236
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
237
Banta BH, Tanner WW (1968) The systematics of Crotaphytus wislizeni, the leopard 
lizards (Sauria: Iguanidae). Part H. A review of the status of the Baja Califomia 
peninsular populations and a description of a new subspecies from Cedros Island. 
Great Basin Naturalist, 28, 183-194.
Baverstock PR, Moritz C (1996) Project design. In: Molecular Systematics. (ed. D. M. 
Hillis, C. Moritz and B. K. Mable), pp. 17-28. Sinauer Associates, Sunderland.
Behrensmeyer AK, Damuth JD, DiMichele WA et al. (1992) Terrestrial Ecosystems 
Through Time. University of Chicago Press, Chicago.
Bennett KD (1990) Milankovitch cycles and their effects on species in ecological and 
evolutionary time. Paleobiology, 16, 11-21.
Benton MJ, Ed. (1993). The Fossil Record 2. London, Chapman and Hall pp 845.
Betancourt JL, Van Devender TR, Martin PS ( 1990) Packrat Middens: The last 40,000 
years o f  biotic change. U. Arizona Press, Tuscon.
Bibb MJ, Van Etten RA, Wright CT, al. e (1981) Sequence and gene organization of 
mouse mitochondrial DNA. Cell, 26, 167-180.
Brooks DR, McLennan DA (1991) Phylogeny, Ecology, and Behavior: A Research 
Program in Comparative Biology. University of Chicago Press, Chicago.
Brown DE (1982a) Chihuahuan desertscrub. In: Biotic Communities o f  the American 
southwest-United States and Mexico, (ed. D. E. Brown), pp. 169-179.
University of Arizona Press, Tuscon.
Brown DE (1982b) semidesert grassland. In: Biotic Communities o f  the American 
southwest-United States and Mexico, (ed. D. E. Brown), pp. 123-131.
University of Arizona Press, Tuscon.
Brown DE, Lowe CH. 1980. Biotic communities of the southwest. Fort Collins, USDA 
Forest Service.
Brown JH (1995) Macroecology. U. Chicago Press, Chicago.
Brown JH, Gibson AC (1983) Biogeography. C.V. Mosby Co., St. Louis.
Brown WM (1983) Evolution of animal mitochondrial DNA. In: Evolution o f Genes and 
Proteins, (ed. M. Nei and R. K. Koehn), pp. 62-89. Sinauer Assoc., Sunderland.
Brown WM (1985) The mitochondrial genome of animals. In: Molecular Evolutionary 
Genetics, (ed. R. J. McIntyre), pp. 95-130. Plenum Press, New York.
BRRC. 1996. Dominant vegetation in the Great Basin. Reno, Biological Resources 
Research Center-University of Nevada.
Burgess TL (1995) Desert grassland, mixed shrub savanna, shrub steppe, or semidesert 
scrub? The dilemma of coexisting growth forms. In: The Desert Grassland, (ed.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
238
M. P. McClaran and T. R. Van De vender), pp. 31-67. University of Arizona 
Press, Tuscon.
Cole CJ (1970) Karyotypes and evolution of the spinosus group of lizards in the genus 
Sceloporus. American Museum Novitates, 2431, 1-47.
Cracraft J (1988) Deep-history biogeography: Retrieving the historical pattern of evolving 
continental biotas. Systematic Zoology, 37, 221 -236.
Cracraft J (1991) Patterns of diversification within continental biotas: Hierarchical 
congruence among the areas of endemism of australian vertebrates. Australian 
Systematic Botany, 4 ,211 -227.
DeBry RW, Slade NA (1985) Cladistic analysis of restriction endonuclease cleavage maps 
within a maximum-likelihood framework. Systematic Zoology, 34, 21 -34.
Delcourt HR, Delcourt PA (1991) Quaternary Ecology: A paleoecological perspective. 
Chapman & Hall, London.
Dessauer HC, Cole CJ, Hafner MS (1996) Collection and storage of tissues. In: Molecular 
Systematics. (ed. D. M. Hillis, C. Moritz and B. K. Mable), pp. 29-50. Sinauer 
Associates, Sunderland.
DiMichele WA (1994) Ecological patterns in time and space. Paleobiology, 20, 89-92.
Dodson JJ, Colombani F, King PKL (1995) Phylogeographic structure in mitochondrial 
DNA of a south-east asian freshwater fish, Hemibagrus nemurus (Siluroidei: 
Bagridae) and Pleistocene sea-level changes on the Sunda shelf. Molecular 
Ecology, 4, 331-346.
Dowling TE, Moritz C, Palmer JD, Rieseberg LH (1996) Nucleic acids HI: Analysis of 
fragments and restriction sites. In: M decular Systematics. (ed. D. M. Hillis, C. 
Moritz and B. K. Mable), pp. 249-320. Sinauer Associates, Sunderland.
Dunham AE (1993) Population responses to environmental change: Operative
environments, physiologically structured models, and population dynamics. In: 
Biotic Interactions and Global Change, (ed. P. M. Kareiva, J. G. Kingsolver and 
R. B. Huey), Sinauer Assoc., Sunderland.
Endler JA (1982) Pleistocene forest refuges: fact or fancy? In: Biological Diversification in 
the Tropics, (ed. G. Prance), pp. 641-657. Columbia University Press, New 
York.
Estes R, Ed. (1983). Handbuch der Paldoherpetologie: Sauria terrestria, Amphisbaenia. 
Handbuch der Palaoherpetologie. Stuttgart, Gustav Fischer Verlag pp .
Estes R, Ed. (1983). Handbuch der Palaoherpetologie: Sauria terrestria, Amphisbaenia. 
Handbuch der Palaoherpetologie. Stuttgart, Gustav Fischer Verlag pp .
Excoffier L, Smouse PE, Quattro JM (1992) Analysis of molecular variance inferred from 
metric distances among DNA haplotypes: Application to human mtDNA restriction 
data. Genetics, \3 \ ,  419-A9\.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
239
Felsenstein J (1978) Cases in which parsimony or compatibility methods will be positively 
misleading. Systematic Zoology, 27, 401-410.
Felsenstein J (1985) Confidence limits on phylogenies: An approach using the bootstrap. 
Evolution, 39, 783-791.
Ferraris JD, Falumbi SR, Eds. (1996). Molecular Zoology: Advances, strategies, and 
protocols. New York, Wiley-Liss pp 580.
Ferrell CS (1995) Systematics and Biogeo^aphy of the Great Basin Pocket Mouse, 
Peroghathus parvus. Biological Sciences. Las Vegas, Nevada. University of 
Nevada, Las Vegas: 68pp.
Findley JS (1969) Biogeography of southwestern boreal and desert mammals. In:
Contributions in mammalogy, (ed. J. K. Jones Jr.), pp. 113-128. University of 
Kansas, Lawrence.
Fitch HS (1956) An ecological study of the collared lizard. University o f Kansas 
Publications o f  the Museum o f  Natural History, 8, 213-274.
Fitch HS (1981) Sexual Size Differences in Reptiles. University o f  Kansas Publications 
o f the Muesuem o f  Natural History, 70, 1-72.
Fitch HS, Tanner WW ( 1951 ) Remarks concerning the systematics of the collared lizard 
{Crotaphytus collaris), with a description of a new subspecies. Transactions o f the 
Kansas Academy o f  Sciences, 54, 548-559.
Frost DR, Kluge AG, Hillis DM (1992) Species in contemporary herpetology:
Comments on phylogenetic inference and taxonomy. Herpetological Review, 23, 
46-54.
George U (1976) In the Deserts o f  this Earth. Harcourt Brace Jovanovich, New York.
Goldman N (1993a) Simple diagonostic tests of models of DNA substitution. Journal o f 
Molecular Evolution, 37, 650-661.
Goldman N (1993b) Statistical tests of models of DNA substitution. Journal o f  Molecular 
Evolution, 36, .
Graham RW (1986) Response of Mammalian communities to environmental changes 
during the late Quaternary. In: Community Ecology, (ed. J. Diamond and T. J. 
Case), pp. 300-313. Harper & Row, New York.
Graham RW, Mead JI (1987) Environmental fluctuations and evolution of mammalian 
faunas during the last deglaciation in North America. In: North America and 
adjacent oceans during the last deglaciation, (ed. W. F. Ruddiman and H. E.
Wright Jr.), pp. 371-402. Geological Society of America, Boulder, CO.
Grismer LL (1994) The origin and evolution of the peninsular herpetofauna of Baja 
Califomia, Mexico. Herpetological Natural History, 2, 51-106.
Grismer LL (1994) The origin and evolution of the peninsular herpetofauna of Baja 
Califomia, Mexico. Herpetological Natural History, 2, 51-106.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
240
Grismer LL, McGuire JA (1996) Taxonomy and biogeography o f the Sceloporus magister 
complex (Squamata: Phrynosomatidae) in Baja Califomia, Mexico. Herpetologica, 
52, 416-427.
Gyllensten UB, Wilson AC (1987) Interspecific mitochondrial DNA transfer and the 
colonization of Scandinavia by mice. Genetic Research Cambridge, 49, 25-29.
Haffer J (1982) General aspects o f the refuge theory. In: Biological Diversification in the 
Tropics, (ed. G. Prance), pp. 6-24. Columbia University Press, New York.
Hafner DJ (1981) Evolution and historical zoogeography of antelope ground squirrels, 
genus Ammospermophilus (Rodentia: Sciuridae). Biology. Albuquerque. 
University of New Mexico: 224pp.
Hafner DJ, Riddle BR (1997) Biogeography of Baja Califomia peninsular desert
mammals. In: Life Among the Muses: Papers in Honor o f  James S. Findley, (ed.
T. L. Yates, W. L. Gannon and D. E. Wilson), Museum o f Southwestem 
Biology, Albuquerque.
Hartl DL, Clark AG (1989) Principles o f  Population Genetics. Sinauer Assoc.,
Sunderland.
Hedges SB (1992) The number of replications needed for accurate estimation of the
bootstrap P value in phylogenetic studies. Molecular Biology and Evolution, 9, 
366-369.
Hedges SB ( 1992) The number o f replications needed for accurate estimation of the
bootstrap P value in phylogenetic studies. Molecular Biology and Evolution, 9, 
366-369.
Hewitt GM (1993) Postglacial distribution and species substmcture: lessons from pollen, 
insects and hybrid zones. In: Evolutionary Patterns and Processes, (ed. pp. 97- 
123. Linnean Society of London, London.
Hewitt GM (1996) Some genetic consequences of ice ages, and their role in divergence 
and spéciation. Biological Journal o f  the Linnean Society, 58, 247-276.
Hillis DM, Huelsenbeck JP (1992) Signal, noise, and reliability in phylogenetic analysis. 
Journal o f Heredity, S3, 189-195.
Hillis DM, Mable BK, Larson A, Davis SK, Zimmer EA (1996a) Nucleic acids IV:
Sequencing and cloning. In: Molecular Systematics. (ed. D. M. Hillis, C. Moritz 
and B. K. Mable), pp. 321-384. Sinauer Associates, Sunderland.
Hillis DM, Mable BK, Moritz C (1996b) Applications of molecular systematics. In:
M olecular Systematics. (ed. D. M. Hillis, C. Moritz and B. K. Mable), pp. 515-
544. Sinauer Associates, Sunderland.
Hoelzer GA, Melnick DJ (1994) Patterns of spéciation and limits to phylogenetic 
resolution. Trends in Ecology and Evolution, 9, 104-107.
Holbrook JE ( 1842) North American Herpetology; or a Description o f the Reptiles 
Inhabiting the United States. J. Dobson, Philadelphia.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
24 1
Hubbard JP (1974) Avian evolution in the aridlands of North America. Living Bird, 155- 
196.
Hubbs CL (1955) Hybridization between fish species in nature. Systematic Zoology, 4, 
1- 20 .
Jaeger J-J, Tong H, Denys C (1986) The age of A/wj-Rarto divergence: Paleontological 
data compared with the molecular clock. Comptes Rendons Académie des Sciences 
Paris (ser. 2), 302, 917-922.
Jones KB (1995) Phylogeography o f the desert homed lizard (Phrynosoma platyrhinos) 
and the short-homed lizard (Phrynosoma douglassi): Pattems of divergence and 
diversity. Department of Biological Sciences. Las Vegas. University of Nevada, 
Las Vegas: 168pp.
Joseph L, Moritz C (1994) Mitochondrial DNA phylogeography of birds in eastem
Australian rainforests: first fragments. Australian Journal o f Zoology, 42, 385- 
403.
Jukes TH, Cantor RC (1969) Evolution of protein molecules. In: Mammalian Protein 
Metabolism, (ed. H. N. Munro), pp. 21-132. Academic Press, New York.
Kumar S, Tamura K, Nei M (1993) MEGA: Molecular Evolutionary Genetics Analysis 
1.01. University Park, Pennyslvania State University.
Lamb T, Avise JC, Gibbons W (1989) Phylogeographic pattems in mitochondrial DNA 
of the desert tortoise (Xerobates agassizi) and evolutionary relationships among 
North American tortoises. Evolution, 43, 76-87.
Lamb T, Jones TR, Avise JC (1992) Phylogeographic histories of representative
herpetofauna of the south westem U.S.: mitochondrial DNA variation in the desert 
iguana (Dipsosaurus dorsalis) and the chuckwalla (Sauromalus obesus). Journal o f  
Evolutionary Biology, 5, 465-480.
Larsen KR, Tanner WW (1975) Evolution of the Sceloporine lizards (Iguanidae). Great 
Basin Naturalist, 35, 1 -20.
Larson A ( 1994) The comparison of morphological and molecular data in phylogenetic
systematics. In: Molecular Ecology and Evolution: Approaches and Applications. 
(ed. B. Scherwater, B. Stred, G. P. Wagner and R. DeSalle), pp. 371-390. 
Bukhauser Verlag, Basel.
Lee Jr. TE, Riddle BR, Lee PL (1995) Spéciation in the desert pocket mouse 
(Chaettodipus penicillatus Woodhouse). Journal o f Mammalogy,.
LomolinoMV, Brown JH, Davis R (1989) Island biogeography of montane forest 
mammals in the American southwest. Ecology, 70, 180-194.
Lowe CH, Ed. (1964). The Vertebrates o f  Arizona. Tuscon, University of Arizona Press 
pp 259.
Lowe Jr. CH (1955) The eastem limit of the Sonoran desert in the United States with 
additions to the known herpetofauna of New Mexico. Ecology, 36, 343-345.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2 4 2
Lucchitta I (1979) Late Cenozoic uplift of the south-westem Colorado Plateau and adjacent 
lower Colorado River region. Tectonophysics, 61, 63-95.
Lynch JD (1982) Relationships o f the frogs of the genus Ceratophrys (Leptodactylidae) 
and their bearing on hypotheses of Pleistocene forest réfugia in South America and 
punctuated equilibrium. Systematic Zoology, 3 \,  166-179.
MacMahon JA (1990) Deserts. Alfred A. Knopf, New York.
Marshall CR (1990) The fossil record and estimating divergence times between lineages: 
Maximum divergence times and the importance of reliable phylogenies. Journal o f 
Molecular Evolution, 30, 400-408.
Martin AP, Naylor GJP, Palumbi SR (1992) Rates of mitochondrial DNA evolution in 
sharks are slow compared with mammals. Nature, 357, 153-155.
Martin AP, Palumbi SR (1993) Body size, metabolic rate, generation time, and the
molecular clock. Proceedings o f  the National Academy o f Sciences, USA, 90, 
4087-4091.
McClaran MP, Van Devender TR, Eds. (1995). The Desert Grassland. Tuscon, University 
of Arizona Press pp 346.
McElroy D, P. Moran, Bermingham E, Komfield I (1991) REAP: The Restriction 
Enzyme Analysis Package v4.0. Orono, ME., University of Maine.
McGuire JA (1994) A new species o f collared lizard (Iguania: Crotaphytidae) from 
northeastern Baja Califomia, Mexico. Herpetologica, 50 ,438^50.
McGuire JA (1996) Phylogenetic systematics of crotaphytid lizards. Bulletin o f the 
Carenegie Museum, 32, 1-143.
McKnight ML (1995) Mitochondrial DNA phylogeography of Perognathus amplus and
Perognathus longimembris (Rodentia: Heteromyidae): A possible mammalian ring 
species. Evolution, 49, 816-826.
Miller J (1991) Restsite vl.2. Cambridge, MA., published by the author.
Montanucci RR ( 1970) Analysis o f hybridization between Crotaphytus wislizenii and 
Crotaphytus silus (Sauria: Iguanidae) in Califomia. Copeia, 1970, 104-123.
Montanucci RR (1978) Dorsal pattern polymorphism and adaptation xnGambelia wislizenii 
(Reptilia, Lacertilia, Iguanidae). Journal o f Herpetology, 12, 73-81.
Montanucci RR (1983) Natural hybridization between two species of collard lizards 
(Crotaphytus). Copeia, \9%3, 1-11.
Montanucci RR, Axtell RW, Dessauer HC (1975) Evolutionary divergence among 
collared lizards (Crotaphytus), with comments on the status of Gambelia. 
Herpetologica, 31, 336-347.
Moore WS (1995) Inferring phylogenies from mtDNA variation: mitochondrial-gene trees 
versus nuclear-gene trees. Evolution, 49, 718-726.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
243
Morafka DJ (1977) A biogeographical analysis o f  the Chihuahuan desert through its 
herpetofauna. Dr. W. Junk, Publishers, The Hauge.
Moritz C, Joseph L, Adams M (1993) Cryptic diversity in an endemic rainforest skink 
(Gnypetoscincus queenslandiae). Biodiversity and Conservation, 2 ,412-425.
Morrone JJ (1994) On the identification of areas of endemism. Systematic Biology, 43, 
438-441.
Morrone JJ, Crisci JV (1995) Historical biogeography: Introduction to methods. Annual 
review o f  ecology and systematics, 26, 373-401.
Murphy RW (1983) Paleobiogeography and genetic differentiation of the Baja Califomia 
Herpetofauna. Occasional Papers o f  the Califomia Academy o f Sciences, 137, 1- 
48.
Myers AA, Giller PS (1988) Process, pattem and scale in biogeography. In: Analytical 
Biogeography: An integrated approach to the study o f animal and plant 
distributions, (ed. A. A. Myers and P. S. Giller), pp. 3-12. Chapman & Hall, 
London.
Nei M (1987) Molecular Evolutionary Genetics. Columbia University Press, New York.
Neigel JE, Avise JC (1986) Phylogenetic relationships of mitochondrial DNA under
various demographic models of spéciation. In: Evolutionary Processes and Theory. 
(ed. S. Karlin and E. Nevo), pp. 515-534. Academic Press, New York.
Nickle DC (1994) Molecular phylogeographic stmcture within the Perognathus fasciatus 
species group. Biological Sciences. Las Vegas, NV. University of Nevada, Las 
Vegas: 54pp.
Norell MA (1989) Late Cenozoic lizards of the Anza Borrego desert, Califomia. Natural 
History Museum o f  Los Angeles County, Contributions in Science, 414, .
Norris RM, Webb RW (1976) Geology o f Califomia. John Wiley and Sons, New York.
O'Neill RV, DeAngelis DL, Waide JB, Allen TFH (1986) A Hierarchical Concept o f  
Ecosystems. Princeton University Press, Princeton.
Page RDM (1993) COMPONENT : Tree comparison software for Microsoft Windows 
v2.0. London, Natural History Museum.
Parker WS, Pianka ER (1973) Notes on the ecology of the Iguanid lizard Sceloporus 
magister. Herpetologica, 29, 143-152.
Parker WS, Pianka ER (1976) Ecological observations on the leopard lizard {Crotaphytus 
wislizeni) in different parts of its range. Herpetologica, 32, 95-114.
Parmenter RR, Van De vender TR (1995) Diversity, spatial variability, and functional roles 
of vertebrates in the desert grassland. In: The Desert Grassland, (ed. M. P. 
McClaran and T. R. Van De vender), pp. 196-229. University of Arizona Press, 
Tuscon.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2 4 4
Patton JL, Dasilva MNF, Malcolm JR (1994) Gene genealogy and differentiation among 
arboreal spiny rats (Rodentia: Echimyidae) o f the Amazon basin: A test o f the 
riverine barrier hypothesis. Evolution, 48, 1314-1323.
Phelan RL, Brattstom BH (1955) Geographic variation in Sceloporus magister. 
Herpetologica, 11, 1-15.
Pianka ER (1986) Ecology and Natural History o f  Desert Lizards. Princeton University 
Press, Princeton.
Pielou EC (1991) After the Ice Age: The Return o f Life to Glaciated North America. 
University o f Chicago Press, Chicago.
Platnick N, Nelson G (1978) A method of analysis for historical biogeography.
Systematic Zoology, 27, 1-16.
Pough FH, Heiser JB, McFarland WN (1989) Vertebrate Life. McMillan, New York.
Rand DM (1994) Thermal habit, metabolic rate and the evolution of mitochondrial DNA. 
Trends in Ecology and Evolution, 9, 125-131.
Ricklefs RE (1989) Spéciation and diversity: The integration of local and regional
processes. In: Spéciation and its consequences, (ed. D. Otte and J. A. Endler), 
Sinauer Assoc., Sunderland.
Ricklefs RE, Schluter D (1994) Species diversity: Regional and historical perspectives. In: 
Species Diversity in Ecological Communities, (ed. R. E. Ricklefs and D.
Schluter), pp. 350-364. University of Chicago Press, Chicago.
Riddle BR (1995) Molecular biogeography in the pocket mice {Perognathus and
Chaetodipus) and grasshopper Tmce{Onychomys): The late Cenozoic development 
of a North American aridlands rodent guild. Journal o f  Mammalogy, 76, 283-301.
Riddle BR (1996) The molecular phylogeographic bridge between deep and shallow 
history in continental biotas. Trends in Ecology and Evolution, 11, 207-211.
Riddle BR, Honeycutt RL (1990) Historical biogeography in North American arid regions: 
An approach using mitochondrial-DNA phylogeny in grasshopper mice (genus 
Onychomys). Evolution, 44, 1-15.
Riddle BR, Honeycutt RL, Lee PL (1993) Mitochondrial DNA phylogeography in
northern Grasshopper mice {Onychomys leucogaster)-\he influence of Quaternary 
climatic oscillations on population dispersion and divergence. Molecular Ecology,
2, 183-193.
Roff DA, Bentzen P (1989) The statistical analysis o f mitochondrial DNA polymorphisms:
and the problem of small samples. Molecular Biology and Evolution, 6, 539-
545.
Rosen BR (1988a) Biogeographic pattems: A perceptual overview. In: Analytical 
Biogeography: An integrated approach to the study o f animal and plant
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
245
distributions, (ed. A. A. Myers and P. S. Giller), pp. 15-56. Chapman & Hall, 
London.
Rosen BR (1988b) From fossils to earth history: Applied historical biogeography. In:
Analytical Biogeography: An integrated approach to the study o f  animal and plant 
distributions, (ed. A. A. Myers and P. S. Giller), Chapman & Hall, London.
Ruddiman WF, Prell WL, Raymo ME (1989) Late Cenozoic uplift in southern Asia and 
the American west: Rationale for general circulation model experiments. Journal o f 
Geophysical Research, 95 D 15, 379-418.
Saitou N, Nei M (1987) The neighbor-joining method: A new method for reconstructing 
phylogenetic trees. Molecular Biology and Evolution, 4, 406-425.
Sanborn SR, Loomis RB (1979) Systematics and behavior of collared lizards
{Crotaphytus, Iguanidae) in southern Califomia. Herpetologica, 35, 101-106.
Sanderson MJ, Baldwin BG, Bharathan G et al. (1993) The growth of phylogenetic 
information and the need for a phylogenetic database. Systematic Biology, 42, 
562-568.
Schmidly DJ, Wilkins KT, Derr JN (1994) Biogeography. In: Biology o f  the
Heteromyidae. (ed. J. H. Brown and H. H. Genoways), pp. 319-356. American 
Society o f Mammalogists,
Schmidt Jr. RH (1979) A climatic delineation of the 'real' Chihuahuan desert. Journal o f 
Arid Environments, 2, 243-250.
Shreve F, Wiggins IL (1951) Vegetation of the Sonoran desert. Carnegie Institution o f 
Washington, 1-178.
Sibley CG (1961) Hybridization and isolating mechanisms. In: Vertebrate Spéciation, (ed. 
W. F. Blair), pp. 69-88. University of Texas Press, Austin.
Sites Jr. JW, Archie JW, Cole CJ, Villela OF (1992) A review of phylogenetic
hypotheses for lizards of the genus Sceloporus (Phrynosomatidae): Implications 
for ecological and evolutionary studies. Bulletin o f  the American Museum o f  
Natural History, 213, 1-110.
Smith AB (1994) Systematics and the Fossil Record. Blackwell, Oxford.
Smith GR (1992) Introgression in fishes: Significance for paleontology, cladistics, and 
evolutionary rates. Systematic Biology, 41, 41-57.
Smith HM (1939) The Mexican and Central American lizards o f the genus Sceloporus. 
Zoological Series o f  the Field Museum o f Natural History, 26, 1-397.
Smith PB (1970) New marine evidence for a Pliocene marine embayment along the lower 
Colorado River area, Califomia and Arizona. Geological Society o f America 
Bulletin, 51, \AW-\A2Q.
Sneath PHA, Sokal RR (1973) Numerical Taxonomy. W.H. Freeman & Co., San 
Francisco.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
246
Sokal RR, Rohlf FJ (1981) Biometry. W.H. Freeman and Co., New York.
Stebbins RC (1985) A Field Guide to Westem Reptiles and Amphibians. Houghton 
Mifflin, Boston.
Stebbins RC (1985) A Field Guide to W estem Reptiles and Amphibians. Houghton 
Mifflin, Boston.
Swofford DL (1991) PAUP: Phylogenetic Analysis Using Parsimony 3.0s. Champaign, 
Illinois Natural History Survey.
Swofford DL, Olsen GJ, Waddell PJ, Hillis DM (1996) Phylogenetic inference. In:
Molecular Systematics. (ed. D. M. Hillis, C. Moritz and B. K. Mable), pp. 407- 
514. Sinauer Associates, Sunderland.
Takahata N, Palumbi SR (1985) Extranuclear differentiation and gene flow in the finite 
island model. Genetics, 109, 441-457.
Tamura K, Nei M (1993) Estimation of the number of nucleotide substitutions in the 
control region of mitochondrial DNA in humans and chimpanzees. Molecular 
Biology and Evolution, 10, 512-526.
Tanner WW (1955) A new Sceloporus magister from eastem Utah. Great Basin 
Naturalist, 15, 32-34.
Tanner WW, Banta BH (1963) A redescription o f Crotaphytus wislizeni wislizeni Baird 
and Girard, and a description of a new subspecies from the uperr Colorado River 
basin. Great Basin Naturalist, 23, 129-148.
Tanner WW, Banta BH (1977) The systematics of Crotaphytus wislizeni, the leopard
lizards. Part HI. The leopard lizards o f the Great Basin and adjoining areas, with a 
description of a new subspecies from the Lahontan Basin. Great Basin Naturalist, 
37, 225-240.
Templeton A (1983) Phylogenetic inference from restriction endonuclease cleavage site
maps with particular reference to the evolution of humans and the apes. Evolution, 
37, 221-244.
Tollestmp K (1979) The ecology, social structure, and foraging behavior of two closely 
related species of leopard lizardds, Gambelia silus and Gambelia wislizenii. 
Berkeley. University of Califomia, Berkeley: 146pp.
Tumer RM (1982a) Great Basin desertscrub. In: Biotic Communities o f  the American 
southwest-United States and Mexico, (ed. D. E. Brown), pp. 145-155.
University of Arizona Press, Tuscon.
Tumer RM (1982b) Mohave desertscmb. In: Biotic Communities o f the American 
southwest-United States and Mexico, (ed. D. E. Brown), pp. 157-168.
University of Arizona Press, Tuscon.
Tumer RM, Brown DE (1982) Sonoran desertscrub. In: Biotic Communities o f the
American southwest-United States and Mexico, (ed. D. E. Brown), pp. 181-222. 
University of Arizona Press, Tuscon.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
247
Tumer TF, Trexler JC, Kuhn DN, Robison HW (1996) Life-history variation and
comparative phylogeography of darters (Pisces: Percidae) from the North American 
central highlands. Evolution, 50, 2023-2036.
Van Devender TR (1995) Desert Grassland History: Changing climates, evolution,
biogeography, and community dynamics. In: The Desert Grassland, (ed. M. P. 
McClaran and T. R. Van Devender), pp. 69-99. University of Arizona Press, 
Tuscon.
Vrba ES (1992) Mammals as a key to evolutionary theory. Journal o f Mammalogy, 73, 
1-28.
Wiley EO (1988) Vicariance biogeography. Annual Review o f Ecology and Systematics, 
19, 513-542.
Wray GA, Levinton JS, Shapiro LH (1996) Molecular evidence for deep preCambrian 
divergences among Metazoan phyla. Science, 24, 568-573.
Zweifel RG (1962) Analysis o f hybridization between two subspecies of the desert 
whiptail lizard, Cnemidophorus tigris. Copeia, 1962, 749-766.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
